Characterisation, toxicity and source apportionment of atmospheric organic pollutants in urban schools by Mishra, Nitika
  
 
 
 
 
Queensland University of Technology 
Science and Engineering Faculty 
School of Chemistry, Physics and Mechanical Engineering 
 
Characterisation, toxicity and source 
apportionment of atmospheric organic 
pollutants in urban schools 
 
Nitika Mishra (n7698623) 
 
A THESIS SUBMITTED IN FULFILMENT OF THE 
REQUIREMENTS OF THE DEGREE OF DOCTOR OF 
PHILOSOPHY 
 
November, 2015
 i 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ii 
 
Abstract 
 
Atmospheric pollutants, including Volatile Organic Compounds (VOCs), 
Polycyclic Aromatic Hydrocarbons (PAHs) and carbonyls are released into the urban air 
from a number of anthropogenic sources, including vehicles. There have been numerous 
toxicological studies showing their adverse health effects as well as health risks due to 
exposure in both indoor and outdoor ambient air. In addition to human health, they also 
affect the climate and VOCs and carbonyls, in particular, have been shown to be major 
precursors in the formation of photochemical smog and tropospheric ozone. Among 
different environments, air quality in schools is of particular significance because it is an 
urban microenvironment where children spend a large fraction of their time. Children are 
considered to be the group susceptible to exposure to these pollutants, because of their 
immature immune systems. Thus, schools are an important site for assessing exposure to 
these pollutants. Despite this, few studies have been carried on the ambient and indoor 
levels of VOCs, carbonyls and PAHs in school environments. Therefore, this thesis aimed 
to the systematic and comprehensive study of the characteristics of these three major 
classes of organic pollutants, including their quantification, chemical composition, source 
identification and contribution to the total emissions in the urban ambient environment, 
with a particular focus on vehicle emissions, along with those from other sources. 
This study was conducted as part of a major study called “The Effect of Ultrafine 
Particles from Traffic Emissions on Children’s Health (UPTECH),” which sought to 
determine the effect of exposure to traffic generated ultrafine particles and other pollutants 
in schools and included comprehensive measurements of air quality parameters at each of 
25 primary schools within the Brisbane Metropolitan Area.  
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In this study, the occurrence and concentration of VOCs were investigated at one 
outdoor and one indoor location (classroom). Ambient air samples of VOCs were obtained 
by means of active sampling using Tenax TA and Carbotraps as the sorbent material, for 
indoor and outdoor sample collection, respectively. Analysis and quantification were done 
by thermal desorption-gas chromatography-mass spectrometry (TD-GCMS) and internal 
standard calibration. Carbonyls and PAHs were collected using commercially available 
DNPH silica gel sorbent tubes and XAD tubes, respectively. Samples were extracted from 
the tubes and analysis was performed using High Performance Liquid Chromatography 
(HPLC) for carbonyls and Gas Spectroscopy Mass Chromatography (GCMS) for PAHs. 
The sampling was carried out over four working days at each school.  
More than 70 VOCs consisting of aliphatic hydrocarbons, aromatic hydrocarbons, 
aldehyde and ketones, terpenes, cyclo- aliphatics, alcohols, halogenated hydrocarbons, 
organic acid and esters were identified and quantified for all sampling sites. The most 
common VOCs detected at the outdoor sampling sites were isopentane, n-pentane, 2-
methyl pentane, hexane, 2-methyl hexane, heptane, toluene, m,p-xylene, o- xylene and 
ethylbenzene. On the other hand, VOCs such as 2-ethyl 1-hexanol, limonene, toluene, 
benzaldehyde, nonanal, decanal, xylenes, acetic acid and acetone were mostly found 
indoors. Toluene was found to be the most dominant compound in both indoor and 
outdoor air samples. The sum of total VOCs was found to be higher indoor than outdoor 
air in the majority of schools. The indoor to outdoor ratio of TVOCs at each school were 
also determined, where an I/O ratio >1 was found in nineteen schools, which implies the 
presence of dominant indoor sources. Among the 13 carbonyls studied, formaldehyde, 
acetaldehyde and acetone were detected in most of the schools, while naphthalene, 
fluoranthene, benz(a)anthracene, chrysene, benz(b)fluoranthene, indeno(cd)pyrene and 
dibenz(a,h)anthracene were found to be the most common PAHs. 
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  The data on concentrations of the pollutants served as input to source 
apportionment analysis using a receptor model called PCA-APCS, in order to identify the 
sources and their contribution to total emissions. The sources with the largest contribution 
to outdoor VOCs emissions were traffic, particularly petrol vehicle emissions and fuel 
evaporation. Similarly, cleaning products contributed the most to indoor VOCs, followed 
by air fresheners and art and craft activities in classrooms. Diagnostic ratio analysis was 
carried out for PAHs and the results showed the dominance of petrogenic and combustion 
sources. The PCA-APCS identified four sources for PAHs namely vehicular emissions, 
natural gas combustion, petrol emissions and evaporation of unburned fuel/petroleum; 
among which vehicular emissions (petrol and diesel) were found to be the largest 
contributor, followed by natural gas combustion. 
Furthermore, the evaluation of toxicity of indoor air mixtures in classrooms was 
carried out using the Maximum Cumulative Ratio (MCR) method, which uses the 
concentration of substances in the air mixture, together with a health related weighting 
factor (i.e. reference concentration or lowest concentration of interest) in order to calculate 
the Hazard Index. Maximum cumulative ratio and Hazard Index values were then used to 
categorise the mixtures into four groups, based on their hazard potential. The results 
showed that in 92% of schools, the indoor air mixtures belonged to the ‘low concern’ 
group and therefore, they did not require any further assessment. However, this method 
identified some schools where the toxicity of mixtures was governed by single or multiples 
substances requiring combined risk assessment. Similarly, investigation of the toxicity of 
PAHs in the urban environment was carried out using a Toxicity Equivalency factor and it 
was found that dibenz(a,h)anthracene had the highest total carcinogenic activity among the 
detected PAHs. 
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This research represents a comprehensive study characterising and quantifying the 
concentrations level, chemical composition and source apportionment of VOCs, PAHs and 
carbonyls in the school environment. All of these findings are beneficial in terms of 
promoting the efficient management of health risks associated with pollution emissions 
and air quality in the school environment. While these measurements were conducted in 
schools, the findings of this research are not limited to the school environment and also 
have implications in other urban and indoor environments. 
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Chapter 1: Introduction 
1.1 Background 
 
Air pollution is ubiquitous in urban environments as a result of the increased 
anthropogenic activities which generate an array of pollutants in different forms. There are 
numerous sources of ambient air pollutants, including anthropogenic sources, such as traffic, 
industrial, cooking emissions and domestic heating, and natural sources, such as volcanic 
eruptions, bushfire, airborne soil and sea spray. Pollutants are released from these sources in 
different forms including gases or particles (liquid or solid). Among the anthropogenic 
sources, traffic emissions are considered the major source of pollutants, predominantly 
containing fine (PM2.5) and ultrafine particles (<100 nm), which carry a variety of substances 
that are harmful to the environment and human health. In the absence of major industrial 
activities, vehicles are thought to be a major contributor of ultrafine particles in the urban 
environment (Cheng et al. 2006). Other pollutants derived from different human activities 
include greenhouse gases, volatile organic compounds, inorganic ions, trace elements, 
carbonaceous aerosols, hydrocarbons and semi volatile organic compounds. Among them, 
volatile organic compounds (VOCs), carbonyls and polycyclic aromatic hydrocarbons 
(PAHs), comprise the major components of atmospheric toxic pollutants and are the topics of 
this thesis.  
Toxic air pollutants are defined as substances that have the potential to cause serious 
adverse health effects and damage to the environment (Boubel et al. 1994). Their effects vary 
greatly ranging from short term (nausea, vomiting) to long terms including cancer. VOCs are 
emitted from multiple types of anthropogenic sources, such as power plants, gas stations, 
paint shops, and diesel and gasoline-powered vehicles. Numerous VOCs are listed as 
hazardous air pollutants by the U.S. Environmental Protection Agency (USEPA 2009). 
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Several VOCs are known or suspected carcinogens, while other VOCs may affect the 
immune system, central nervous system (brain), liver and kidneys (Fan et al. 2012). Some 
studies have suggested associations between ambient VOCs and adverse health outcomes, 
such as asthma (Delfino et al. 2003, Wichmann et al. 2009). Carbonyl compounds play a 
number of significant roles in atmospheric chemistry, where they can act as precursors to free 
radicals and ozone, which are potential contributors to photochemical pollution. Some 
carbonyls, including formaldehyde, acetaldehyde and acrolein have proven adverse effects on 
human health. PAHs are released into the urban environment mainly through anthropogenic 
activities, such as vehicle emissions, coal and fossil fuel combustion for power generation, 
petroleum refinement, straw and firewood burning, industrial processing, chemical 
manufacturing, oil spills and coal tars (Peng et al. 2011). Several PAHs are known 
carcinogens, such as benzo[a]pyrene (BaP) and benz[a]anthracene (BaA), and some are the 
precursors to carcinogenic daughter compounds, such as benzo[b]fluoranthene (BbF) 
(Dickhut et al. 2000, Larsen and Baker 2003). The toxicity of PAHs, including probable 
mutagenic and carcinogenic effects, presents a significant health risk to urban residents 
(Colombo et al. 2006, Szabová et al. 2008). 
With respect to human exposure and health effects, an increased level of attention has 
been paid, in recent years, to the presence of these pollutants in indoor air. This is because 
people spend an average of 80 to 90% of their time indoors (Schweizer et al. 2006), including 
the home, office and schools. There are many sources of indoor air pollution in every 
building, which can be released from building materials, decorating materials and cabinetry 
or furniture made of certain pressed wood products, generally over a long period of time. 
Furthermore, pollutants are released into the indoor air in connection with the use of products 
for household cleaning and maintenance as well as consumer and personal care products. In 
addition, cooking, domestic heating and smoking are the other causes of indoor air pollution. 
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  Although everyone is exposed to some level of air pollution in their lifetime, there are 
some groups of people who are more prone to experience adverse health effects, including 
the young, elderly and chronically ill. As a result of their less mature immune systems and 
faster breathing rates, children are considered to be susceptible to long term respiratory and 
cardiovascular health effects, related to both long and short term exposure to air pollutants 
(Rückerl et al. 2011). For example, children who experience long term exposure to vehicle 
emissions have an increased risk of asthma (Gehring et al. 2010) and higher incidences of 
wheezing (Ryan et al. 2009). Schools are one location where children spend a large amount 
of their day, both indoors in the classroom and outdoors on the playground. In such an 
environment, children’s exposure should be assessed by quantifying the concentration of 
pollutants, identifying their source/s and determining their contributions. 
This thesis is based on research conducted as a part of a larger project called “The 
Effect of Ultrafine Particles from Traffic Emissions on Children’s Health (UPTECH),” which 
sought to determine the effect of exposure to traffic generated ultrafine particles and organic 
pollutants in schools. The complete study design is available online (http://www.ilaqh.qut. 
edu.au/Misc/UPTECH%20Home.htm). 
1.2 Research Problem 
 
The effects of three major groups of ambient organic pollutants (VOCs, carbonyls and 
PAHs) in the urban atmosphere have attracted much attention, as there have been a 
significant number of toxicological studies showing their adverse effects on human health 
(Weisel 2002, Lewtas 2007, Du et al. 2014, Koike et al. 2014). An understanding of their 
characteristics, including concentration and chemical composition, is important in order to: 
(i) determine the factors influencing their emissions, (ii) ascertain the best way to quantify 
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them and (iii) identify their specific sources. Therefore, there is a significant need to 
investigate and undertake the characterisation of these organic pollutants. 
Quantification and variation (spatial and temporal) of the pollutants is also of 
importance, as these affect human exposure to them. In general, the concentration of these 
pollutants shows high variation according to time and location; however to date, the causes of 
such variation have not been thoroughly investigated. It is known from the literature that 
most existing studies focused on macro scale environments with large sampling site 
distances; however quantification of these pollutants in micro scale environments, such as 
schools, is lacking. It is important to understand variations in the level of pollutants, in order 
to assess exposure to these pollutants within a given microenvironment. Therefore, there is a 
need to quantify the ambient concentration of these pollutants in micro scale environments 
and this has been the focus of this research. 
Indoor air contains a wide range of pollutants, including gases, vapours and particles, 
derived from outdoor air entering the building as well as from sources within the building 
including building, furnishing and consumer products, as well as people and pets, and the 
combustion of fuel for cooking and heating. In school environments, children are constantly 
exposed to mixtures of airborne substances derived from a variety of sources, both in the 
classroom and in the school surroundings. It is important to evaluate the hazardous properties 
of these mixtures, in order to conduct risk assessments of their impact on children’s health. 
Current literature recommends more work on investigation on the risk assessment of indoor 
air mixtures in urban environments. 
VOCs, PAHs and carbonyls have been receiving considerable interest in terms of both 
outdoor and indoor air quality, because of their multiple sources in the urban atmosphere, as 
well as their high emission rates from products used in indoor environments. The relationship 
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between the indoor and outdoor concentrations of these pollutants enables us to identify their 
sources in different environments. To properly assess exposure to these pollutants, source 
identification, along with quantitative estimations of their contribution is necessary; however 
there are fewer studies focusing on indoor- outdoor comparison and even fewer which 
consider source apportionment in urban environments, which makes it really important to 
conduct research in this area. 
This thesis encompasses work conducted on characteristics of organic pollutants in urban 
environments, including the chemical composition, source apportionment and associated risk 
of these pollutant mixtures on exposure. The process of identifying contributing sources, their 
specific characteristics and pollutant composition can be beneficial in minimising urban air 
pollution in microenvironments by abating pollutants at their sources and implementing air 
quality mitigation measures. This is a comprehensive study and similar studies have never 
been conducted in the selected environment i.e. schools. 
1.3 Aims and Objectives 
 
  This thesis aimed to carry out a systematic and comprehensive study of the 
characteristics of three major classes of organic pollutants, including their quantification, 
chemical composition, source identification and contribution to the total emissions in urban 
ambient environment; especially emissions from vehicles along with those from other 
sources. 
The specific objectives of this study were: 
1. To quantify the ambient concentration of organic pollutants in the vicinity of schools 
within the Brisbane metropolitan area, by conducting field measurements at 25 state 
primary schools, within the framework of UPTECH project. 
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2. To investigate the chemical composition and the relationship between indoor and 
outdoor concentrations of these pollutants. 
3. To identify the sources and their contribution to the emission of these pollutants in 
schools by using the receptor modelling technique. 
4. To evaluate the toxicity of indoor air mixtures, in terms of a risk assessment of the 
pollutants. 
1.4 Account of Scientific Progress Linking the Papers 
 
There are three papers which constitute the body of this thesis, each addressing one or 
more of the above outlined objectives. In the first paper, the ambient concentration of VOCs 
was investigated at two sampling sites (one outdoor and one indoor) in 25 primary schools. In 
order to determine the spatial variation, the sum of total VOCs was calculated in each school. 
Indoor outdoor ratio was also calculated using the sum of total VOCs data. Indoor VOC 
concentrations were found to be higher than outdoors in majority of the schools, with an I/O 
>1 in 19 schools, indicating the occurrence of indoor sources. Principal Component Analysis 
with varimax rotation was used to identify the sources of VOCs, and it found a large number 
of sources (7 sources), together with a large contribution from indoor compared to outdoor 
sources.  
The results of the first paper showed that the risk was associated with indoor sources in 
classrooms. Therefore, the aim of the second paper was to evaluate the hazardous properties 
of the indoor air mixture in classrooms, in order to conduct a risk assessment of their impact 
on children’s health using a Maximum Cumulative Ratio (MCR) approach. Almost 300 air 
samples were collected from classrooms in 25 primary schools and all monitored VOCs and 
carbonyls were considered in the MCR calculations. The results showed that in 92% of the 
schools, indoor air mixtures belonged to the ‘low concern’ group and therefore, they did not 
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require any further assessment. However, in the remaining schools, the toxicity was usually 
governed by a single substance, with a very small number of schools having a multiple 
substance mix which require a combined risk assessment.   
The third paper quantified the ambient PAH concentrations at outdoor sampling sites in 
the schools and investigated their toxicities. Among the outdoor sources, traffic was the 
predominant source for outdoor VOCs emissions. Therefore the paper set out in order to 
determine if there were different sources contributing to outdoor PAH concentrations, and 
carried out source apportionment of PAHs using a receptor model. The results showed 
vehicular emissions as the dominant source, with a 56% contribution to total PAHs 
concentration, followed by natural gas combustion, petrol emission and evaporative/unburned 
fuel. DahA was the compound with highest BaP equivalent, contributing 72% of total 
carcinogenic activity, and this is a known marker of traffic emissions. 
From the findings of these three papers, we can conclude that the concentrations of these 
pollutants varied at each sampling sites with higher indoor concentrations than outdoor in the 
majority of the sites. Cleaning products were found to be the dominant sources of VOCs in 
classrooms whereas traffic was found to have much contribution towards the emissions of 
VOCs and PAHs in outdoors. In addition to this, the schools requiring a combined risk 
assessment for pollutant mixtures were identified; and similar approach can be applied in 
other similar environments in order to identify the risk associated with air mixtures. All of 
these findings are beneficial in providing input for the efficient management of health risks 
due to air pollution emissions and air quality in the school environment. 
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Chapter 2: Literature Review 
 
2.1 Atmospheric Organic Pollutants 
 
A wide variety of organic compounds are emitted into the atmosphere by natural and 
human    activities. Natural sources include volcanic eruptions, fires, vegetation, soil and the 
ocean, while anthropogenic sources include fossil fuel combustion, motor vehicle emissions, 
industrial processes and domestic activities. These organic compounds are diverse in nature 
and some organic pollutants are active compounds, which can react with other chemicals in 
different environmental matrices, causing their degradation and/or the formation of new 
compounds. For instance, VOCs, which take part in most atmospheric photochemical 
reactions (Atkinson and Arey 2003) lead to the formation of more active volatile species and 
also produce ozone. Furthermore, the highly volatile compounds formed from the 
degradation of some VOCs can form secondary organic aerosols, which can modify global 
climate (Kanakidou et al. 2005). However, some other groups of organic pollutants remain 
intact for longer periods in the environment, as a result of their resistance to photolytic, 
chemical and biological degradation. These are called persistent organic pollutants (POPs), 
which form a toxic group of chemicals. They persist in the environment for a longer period of 
time and their effects are magnified as they move up through the food chain (bio-
magnification). These POPs include: pesticides, polychlorinated biphenyls (PCBs), 
polybrominated diphenyl ethers (PBDEs) and polycyclic aromatic hydrocarbons (PAHs). As 
POPs are semi volatile compounds, they can be transported over long distances, both in the 
atmosphere or in an aquatic environment (Lohmann et al. 2007), making them widely 
distributed around the globe. 
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This section provides a comprehensive literature review on a selected group of 
organic pollutants in the atmosphere, including VOCs, PAHs and carbonyls. These pollutants 
have been selected as the focus of this research because of their occurrence in the atmosphere 
and their adverse effects on the environment and human health.  
2.2 Volatile Organic Compounds (VOCs) 
 
VOCs encompass a very large and heterogeneous group of organic chemicals that 
include aliphatic and aromatic hydrocarbons, alcohols, aldehydes, ketones, esters and 
halogenated compounds, which are highly volatile (Demeestere et al. 2007, Talapatra and 
Srivastava 2011). Scientific interest in atmospheric VOCs originated in Los Angeles in the 
1950s, when Haagen-Smit first recognized the importance of anthropogenic organic 
compounds in atmospheric chemistry. In his study into the Los Angeles smog, it was shown 
that VOCs and nitrogen oxides (NOx) combine photochemically to produce tropospheric 
ozone (Derwent 1995, Goldstein and Galbally 2007).  
2.2.1 Definition and Classifications 
 
There are a wide range of definitions for VOCs, which are generally categorised in 
relation to their effects or physical properties. According to EU Directive 1999/13/ EC or 
Solvent Emissions Directive (EU,1999), VOCs are functionally defined as organic 
compounds having a vapour pressure of 0.01kPa or more at 293.15 K (i.e. 20°C), or having a 
corresponding volatility under particular conditions of use. On the other hand, the EU Paint 
Directive 2004/42/EC (EU, 2004), uses boiling point, rather than volatility in its definition of 
VOCs and defines a VOC as an organic compound having an initial boiling point lower than 
or equal to 250°C at an atmospheric pressure of 101.3 k Pa.  
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In their regulations for outdoor air, the United States Environmental Protection 
Agency (US EPA) uses an effect oriented definition and defines VOCs as any compound of 
carbon, excluding carbon monoxide, carbon dioxide, carbonic acid, metallic carbides or 
carbonates, and ammonium carbonate, which participate in atmospheric photochemical 
reactions (US EPA, 2009). 
In accordance with the World Health Organization (WHO) definition, VOCs consist 
of organic substances which have a boiling range between 50°C to 100°C and 240-260°C to 
380-400°C. Table 1 shows the different classes of VOCs according to the WHO (2000). 
Table 1: Classification of organic pollutants (WHO 2000) 
Description Abbreviation Boiling point range(°C) Example compound 
Very Volatile (gaseous) 
organic compounds 
VVOC <0 to 50°C-100°C Propane, butane, methyl 
chloride 
Volatile organic 
compounds 
VOC 50°C-100°C to 240°C- 
260°C 
Formaldehyde, α-limonene, 
toluene, acetone., ethanol, 
hexanal 
Semi volatile organic 
compounds 
SVOC 240°C- 260°C to 380°C- 
400°C. 
 
Pesticides (DDT, chlordane, 
plasticides), fire 
retardants(PCBs, PBB) 
 
 
In indoor environments, VOCs are considered to be organic chemical compounds that 
can volatize under normal indoor atmospheric conditions of temperature and pressure. While 
the demarcation line between the very volatile organic compounds (VVOCs), VOCs and 
semi-volatile organic compounds (SVOCs) is somewhat arbitrary, it does show the wide 
range of volatility among organic compounds, all of which are considered to fall within the 
broad definition of indoor volatile organic compounds (US EPA, 2012) and are important in 
terms indoor air chemistry and characteristics. 
According to ISO 16000-6, organic compounds can be defined in the following ways: 
VOC: All organic substances which elute from a non-polar or slightly polar gas 
chromatographic separation column between, and including n-hexane (C6) and n-hexadecane 
(C16) (i.e. within the retention range C6-C16). 
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Total Volatile Organic Compounds (TVOC): The sum of concentration of all individual 
substances with concentrations > 5 µg/m3 within the retention range C6- C16. 
SVOC: All individual substances within the retention range > C6- C16. 
VVOC: All individual substances with retention < C6. 
2.2.2 Sources of VOCs 
 
Large quantities of VOCs are released into the atmosphere via natural and 
anthropogenic sources. Natural sources of atmospheric VOCs include emission from 
vegetation (specifically rural forested areas), oceans, marine environments, phytoplanktons, 
soil microbiota and geological hydrocarbon reservoirs (Stavrakou et al. 2009, Sahu 2012). 
Vegetation is the primary source of biogenic volatile organic compounds (BVOCs), which 
include terpenoids (e.g. isoprene and monoterpenes), hexenal family compounds (hexenals, 
hexenols and hexenyl esters), methanol and acetone (Guenther et al. 2000). 
Anthropogenic sources of ambient VOCs include vehicle emissions, fuel burning, 
evaporative loss of fuel and solvents, and industrial sources, with vehicle emissions often 
being the primary emission source in urban areas (Ho et al. 2002, Guo et al. 2004, Ohura et 
al. 2006). Among the VOCs emitted from vehicle exhaust in urban areas, approximately half 
are unburned fuel (Caplain et al. 2006). VOCs related to traffic include alkanes, alkenes, 
alkynes and aromatic hydrocarbons, among which aromatic hydrocarbons, including benzene, 
toluene, ethylbenzene and xylenes (BTEX), are of great concern because of their health 
effects and relative abundance (Han and Naeher 2006). 
 
Industrial processes that involve the use, storage and distribution of petrochemicals, 
paints and solvents, along with combustion processes, can be significant sources, releasing 
large number of VOCs into the atmosphere. Approximately 60% of non-methane VOCs 
released from industrial activities is comprised of a group of aromatic VOCs called BTEX 
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(Lee et al. 2002). For instance, high concentrations of BTEX have been observed at many 
industrial locations (Tiwari et al. 2010), including industries such as dye manufacturing, 
petroleum refinement and printing (Jo et al. 2004, Lin et al. 2004, Leung et al. 2005). 
2.2.3 Indoor Sources of VOCs 
 
A wide range of VOCs are present in indoor environments, of which the main sources 
are building materials, furnishings, cleaning products, solvents, glues and adhesives, aerosol 
propellants, fungicides, germicides, cosmetics and textiles, appliances, air fresheners and 
clothing (Weschler 2009, Talapatra and Srivastava 2011). Human activities, such as cooking, 
domestic heating, tobacco smoking, renovation and reconstruction, also contribute to indoor 
VOCs (Talapatra and Srivastava 2011, Annesi-Maesano et al. 2013). Besides these indoor 
sources, infiltration of outdoor air containing VOCs from a number of outdoor sources into 
the building also contributes to the indoor concentration of these compounds. In residential 
buildings, domestic heating, cooking and smoking are the major sources of VOCs, while 
computers and printers are major sources in office environments. In terms of school 
environments, known emission sources of VOCs are resins of wood products, adhesive, 
glues, paints, polyurethane, coatings, sealants, polishes, cleaning products, carpet tiles, 
outdoor air (traffic emissions) and personal care products. 
2.2.4 Health Effects of VOCs 
 
VOCs are associated with a range of health effects, depending on their characteristics, 
concentration and type/duration of exposure. Humans can be exposed to air pollutants by 
inhalation, ingestion and dermal contact. Recent epidemiologic studies have shown that 
chronic exposure to traffic related and petrochemical/chemical industry pollutants, such as 
suspended particles, polycyclic aromatic hydrocarbons and VOCs, are associated with 
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detrimental health effects, including decreased lung function, increased respiratory morbidity 
and increased mortality, particularly in children (WHO 2006, WHO 2009). Exposure to 
VOCs is also associated with allergies and adverse respiratory effects, frequently expressed 
as asthma or chronic obstructive pulmonary disease (COPD). Different studies have also 
confirmed VOCs as one of the main sources of tropospheric ozone, which causes irritation of 
airways (Tanaka et al. 2000, Gauderman et al. 2002, Adgate et al. 2004, Elliott et al. 2006). 
The chemical diversity of VOCs is reflected in the diversity of health effects that 
individual VOCs can cause, ranging from relatively inert VOCs with no known health effects 
to the highly toxic effects of reactive VOCs. In general, chronic health effects of VOCs can 
be classified as either non-carcinogenic or carcinogenic. The main non-carcinogenic chronic 
effects are irritation, sensory effects, damage to the liver, kidneys and central nervous system, 
asthma and other respiratory effects (Rumchev et al. 2007). The main carcinogenic effects 
are lung, blood (leukaemia and non-Hodgkin lymphoma), liver, kidney and biliary tract 
cancer (WHO 2000). With regard to these carcinogenic effects, the International Agency for 
Research on Cancer (IARC) classifies benzene as a human carcinogen (Group 1) (IARC 
2011). Moreover, other VOCs also exhibit carcinogenic activity. For instance, 
trichloroethylene, tetrachloroethylene and 1, 2-dibromoethane is considered to be probable 
carcinogens for humans (Group 2A, IARC), while ethylbenzene, carbon tetrachloride and 
chloroform are possibly carcinogenic to humans (Group 2B, IARC). 
2.2.5 Environmental Effects of VOCs 
 
In the troposphere, VOCs can be chemically transformed by photolysis, reaction with 
the hydroxyl radical (HO, typically during daylight hours), reaction with the nitrate (NO3
-
) 
radical (especially during evening and night‐time hours), reaction with O3, and in coastal and 
marine areas, reaction with chlorine atoms during daylight hours (Atkinson 2000). These 
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chemical reactions can cause the degradation of VOCs or the formation of new VOC 
compounds. Depending on atmospheric conditions and the reactivity of the compound, the 
lifetime of VOCs in the atmosphere can range from hours to thousands of years (Atkinson 
and Arey 2003). The tropospheric chemistry of VOCs as explained by (Koppmann 2008) is 
presented in Figure 2.1. 
 
    Figure 2.1: Tropospheric chemistry of VOCs (Koppmann 2008) 
Anthropogenic emissions are significant contributors in urban areas, where there is a 
high potential of tropospheric ozone formation. Photochemical ozone formation is one of the 
most prominent environmental effects of atmospheric VOCs. Tropospheric ozone can be 
formed by the oxidation of organic compounds in the presence of NOx and sunlight 
(Atkinson 2000). Ozone is toxic to humans and plants, and can become a major air quality 
problem in cities. Furthermore, tropospheric ozone is considered the main cause of 
photochemical smog formation. The potential of different VOC compounds to form ozone 
depends on the spatial and temporal pattern of emissions, the photochemical reaction rates, 
 17 
 
and the molecule‐dependent potential for producing ozone (Carter 1994). Table 2.1 shows a 
list of the VOC precursors recommended for measurement by the European Council 
Directive 2008/50/EC (EC 2008). 
Table 2.1: Ozone precursor VOCs recommended for measurement in ambient air (EC 2008) 
Ethane trans – 2- butene n- hexane m- xylene 
Ethylene Cis- 2- butene iso- hexane o- xylene 
Acetylene 1.3- butadiene n- heptane p- xylene 
Propane n-pentane n- octane 1,2,4- trimethylbenzene 
propene iso-pentane iso-octane 1,2,3-trimethyl benzene 
butane 1-pentene benzene 1,3,5 –trimethyl benzene 
Iso- butane isoprene toluene formaldehyde 
1-butene 2- pentene ethylbenzene Total non-methane hydrocarbons 
 
The formation of secondary organic aerosols (SOAs) is another important 
consequence of VOCs in the environment. SOAs are airborne particulate matter formed by 
the chemical transformation of atmospheric organic compounds. The most important 
mechanism of SOA formation is the oxidation of VOCs, forming products of lower volatility 
that migrate to the condensed phase (Kroll and Seinfeld 2008). SOAs can contribute to the 
modification of the radiative balance of the atmosphere, induced by particulate matter and, 
therefore, to global climate (Kanakidou et al. 2005). 
2.3 Polycyclic Aromatic Hydrocarbons (PAHs) 
 
PAHs are a large group of organic compounds which are characterised by the 
presence of two or more fused aromatic ring structures. They are one of the major groups of 
Persistent Organic Pollutants in industrialised countries. The presence of PAHs is ubiquitous 
in the environment and they have been found in all kinds of environmental settings (air, 
water, soils and sediments, and biota), as well as in various consumer products (WHO 1998). 
The National Institute of Standards and Technology (NIST) has, over the years, identified 
660 PAH compounds that occur naturally or synthetically (Sander and Wise, 1997). Of the 
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660 PAHs, sixteen PAHs have been classified as probable human carcinogens by United 
States Environmental Protection Agency (US EPA) and are frequently studied. 
PAHs are distributed in the atmosphere in three forms, which depends on the molar 
mass of the PAH. Generally, PAHs made up of 2 ringed structures exist in the gaseous phase, 
while PAHs having 5 rings or more exist in particle phase. PAHs having 3 and 4 rings are 
found in both phases. The chemical characteristics of PAHs change with their increasing 
molecular weight due to the increasing size of the fused ring structure, resulting in high 
boiling points. Increasing molecular weight also leads to decreasing vapour pressure, as well 
as volatility. On the basis of the number of rings found in each compound, PAHs can be 
categorised into three main groups. Two or three ringed PAHs, such as Naphthalene (Nap), 
Acenapthylene (Acy), 2- bromonapthalene (2-BNap), Acenapthene(Ace), Fluorene(Flu), 
Phenanthrene(Phe) and Anthracene(Ant) are referred to as low molecular weight PAHs, 
while middle molecular weight PAHs consist of Fluoranthene(Flt), Pyrene(Pyr), Benzo (a) 
anthracene(BaA) and Chrysene(Chr) (Tavares et al., 2004). Five to six ringed PAHs, such as 
Benzo (a) pyrene (BaP), Dibenzo (a,h) anthracene (DahA), Benzo (g,h,i) perylene (BghiP), 
Benzo (b) Fluoranthene (BbF) and Indeno (1,2,3-cd) pyrene (IcdP) belong to the high 
molecular weight PAH groups (US EPA, 2002). The molecular structure and chemical 
properties of the 15 PAHs that were targeted in this research are presented below in Figure 
2.2 and Table 2.2, respectively. 
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         Acenaphthene (Ace)                   Acenaphthylene (Acy)          
 
               Anthracene (Ant)                        Benzo(a)anthracene (BaA) 
 
  
Benzo (a) pyrene   (BaP)                         Benzo (b) fluoranthene (BbF) 
 
  
Benzo (g, h, i) perylene (BghiP)                   Chrysene (Chr) 
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Dibenzo (a, h) anthracene (DahA)                         Fluoranthene (Flt) 
 
 
 
    Fluorine (Flu)                              Indeno (1, 2, 3-c d) pyrene (IcdP) 
 
Naphthalene   (Nap)                               Phenanthrene (Phe) 
 
      
Pyrene (Pyr)                                       
Figure 2.2: Molecular structures of the 15 US EPA priority PAHs (with their abbreviations) 
(Berko, H.N., 2002) 
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Table 2.2: Chemical Properties of the 15 US EPA priority PAHs   
Compound Abbreviat
ion 
Empirical 
Formulae 
Molecular 
Weight 
Carcinoge
nicity 
Vapour Pressure(mm 
Hg)* 
Melting 
Point(°C) 
Boiling 
Point(°C) 
Napthalene Nap C10H8 128.17 NC 97.51 80.2 218 
Acenapthylene Acy C12H8 152.20 NC 0.029 at 20°C 92-93 265-275 
Acenapthene Ace C12H10 154.21 NC 4.47×10
-3
 96.2 279 
Fluorene Flu C13H10 166.22 NC 3.2×10
-4
 at 20°C 116 293-295 
Phenanthrene Phe C14H10 178.23 NC 6.80×10
-4
 100 340 
Anthracene Ant C14H10 178.23 NC 1.75×10
-5
 218 340 
Fluoranthene Flt C16H10 202.26 NA 5.0×10
-6
 110 384 
Pyrene Pyr C16H10 202.26 NC 2.5×10
-6
 156 393 
Chrysene Chr C18H12 228.29 WC 6.3×10
-7
 255-256 448 
Benzo(a)anthracene BaA C18H12 228.29 C 2.20×10
-8
 at 20°C 162-167 435 
Benzo(a)pyrene BaP C20H12 252.32 SC 5.6×10
-9
 179 495 
Dibenzo(a,h)anthracene DahA C22H14 278.35 C 1×10
-10
 at 20°C 267 524 
Benzo(g,h,i)perylene BghiP C22H12 276.34 NC 1.03×10
-10
 273 - 
Benzo(b)flouranthene BbF C20H12 168.00 C 5.0×10
-7
at 20-25°C 168 - 
Indeno(1,2,3-cd)pyrene IcdP C22H12 276.34 C 10
-11
-10
-6
 at 20°C 161.5-163 530 
 
NC - not carcinogenic; WC - weakly carcinogenic; C - carcinogenic; SC - strongly 
carcinogenic; NA - not available (Minister of Environment, Lands and Parks (1993). * 
Vapour Pressure of individual PAHs are at 25°C, except where noted (ToxProbe Inc., 2002; 
Canadian Environmental Protection Act, 1994). 
2.3.1 Sources of PAHs 
 
PAHs are released into the atmosphere by a range of different anthropogenic sources, 
including industrial emissions, vehicle exhaust, waste incineration and domestic heating 
emissions, as well as other natural sources. They are released into the air during incomplete 
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combustion and the pyrolysis of organic material, such as coal, wood, fuel, tobacco and meat. 
However, little is known about the mechanisms of PAH released from each specific source. 
2.3.2 Natural Sources 
 
PAHs can occur naturally in the environment, from non‐anthropogenic forest fires and 
volcanic eruptions (Baek et al. 1991). PAH formation from natural processes occurs from 
direct biosynthesis in plants and aquatic microorganisms, and as a result of low to moderate 
temperature diagenesis of sedimentary organic material to form fossil fuel (Prabhukumar 
2011). However, PAHs formed through biosynthesis have relatively lower concentrations 
compared to those formed by combustion processes (Lima et al. 2005). They include 
compounds such as perylene and retene, which are noted as diagenic and biogenic PAHs 
(Abrajano Jr et al. 2003, Anyakora et al. 2011). Perylene has also been reported in South 
Louisiana crude oil sources (Iqbal et al. 2008). Other biogenic precursors include an extended 
series of phenanthrene homologues, tetra- and penta-cyclic PAHs that have been observed in 
sediments (Morgunova et al. 2012).  
2.3.3 Anthropogenic Sources 
 
There are two major anthropogenic sources of PAHs, namely pyrogenic and 
petrogenic. PAHs from pyrogenic sources are generally produced from the incomplete 
combustion of fossil fuels; whereas petrogenic sourced PAHs (from petroleum origin) are 
produced from crude and refined petroleum products (Abrajano Jr et al. 2003). 
2.3.3.1 Pyrogenic Sources 
 
High molecular weight PAHs consisting of four to six benzene rings are derived from 
pyrogenic sources. Although they are naturally produced from grassland and forest fires, their 
largest source is from anthropogenic activities (Liu et al. 2012) particularly those associated 
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with industrial processes, including coke production, manufactured gas production, 
aluminium smelting and creosote production, are the dominant sources of PAHs in the 
environment (Lima et al. 2005).  Similarly, agricultural activities including stubble burning 
and the open burning of brushwood, straw and moorland heather for regeneration purposes 
(Guo et al. 2011) also generate pyrogenic PAHs. In general, pyrogenic sources of PAHs 
make up a higher mass percentage and are quiet distinct from petrogenic PAH sources. 
Additionally, their relative stability when subjected to various environmental processes, such 
as weathering and biodegradation, enables easier discrimination from petrogenic PAH 
sources (Yunker et al. 2002). 
2.3.3.2 Petrogenic Sources 
 
Petrogenic PAHs originate from crude oil and refined petroleum products including 
fuels, lubricants and their derivatives (Stogiannidis and Laane 2015). Other potential sources 
of petrogenic PAHs identified in the environment are found in petroleum-based products such 
as asphalt, tyre and brake lining particles (ATSDR 1995). These mainly consist of lower 
molecular weight PAHs characterised by the predominance of two or three fused benzene 
rings and an abundance of substituted PAHs, in particular homologues with two to three alkyl 
carbons (Neff et al. 2005). Once produced, PAHs can be widely dispersed in the environment 
by atmospheric transport or through water movement, and eventually accumulate in soils and 
aquatic sediments. Petrogenic PAHs are characterised as being non-persistent in nature and 
therefore, are less likely to be found in environmental components such as particulate matter 
and sediments (Abrajano Jr et al. 2003).  
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2.3.4 Indoor Sources of PAHs 
 
Indoor air contains different PAHs, which not only originate from the infiltration of 
outdoor air, but also from indoor emission sources such as smoking, cooking and domestic 
heating with fuel stoves and open fireplaces, as well as from incense and candle burning 
(Baek et al. 1991, Zhu et al. 1997, Fromme et al. 1998, Li and Ro 2000, Lung et al. 2003). 
Other indoor sources of PAHs include repellents, heating fuels, burnt food, and coal tar in 
shampoos and other household goods (including construction materials). The proximity of 
roads to residences and indoor spaces, and the volume of traffic are also known to affect 
indoor PAH concentrations (Peng et al. 2011).  
2.3.5 Adverse Effect of PAHs on Human Health  
 
Humans can be exposed to PAHs through three main pathways (Armstrong et al. 
2004): inhalation (containing cigarette smoke, vehicle exhaust, or industrial or domestic PAH 
emissions); ingestion (of PAH‐containing foodstuffs, such as fried and charcoal‐grilled 
meat); and skin adsorption by contact with PAH containing products. Ingestion is 
quantitatively the main route for human exposure to PAH for humans non‐occupationally 
exposed to PAHs (Srogi 2007). Due to their hydrophobic nature and low solubility, PAHs are 
resistant to biodegradation and can bio- accumulate through the food chain, constituting a 
long term threat to human health. The effect of PAHS on human health depends on the extent 
of exposure, the concentrations one is exposed to and the method of exposure. Occupational 
exposure to a high level of PAHs results in symptoms such as eye irritation, nausea, 
vomiting, diarrhoea and confusion (Public Health Fact Sheet, 2009). 
The health effects of PAHs have been widely studied, primarily because of their 
potential carcinogenic and mutagenic properties. Several organs are believed to be 
susceptible to tumour formation after PAH exposure. These include the lungs (in particular 
 25 
 
the bronchi), skin, oesophagus and colon, pancreas, bladder and female breast tissue (WHO 
1998). In general, the carcinogenic properties of PAHs increase with the number of aromatic 
rings. Some PAHs have been associated with long term health effects, including 
benzo(a)pyrene (BaP) and dibenz(a,h)anthracene (DahA), which have been classified by the 
International Agency for Research on Cancer (IARC) as a human carcinogen and probable 
carcinogen to humans, respectively (IARC, 2009). Epidemiological studies have shown that 
cancer, birth defects, genetic damage (IARC, 2009), immunodificiency (USEPA, 2007), and 
respiratory (Andersson et al. 1997) and nervous system disorders (USEPA, 2007) can be 
linked to exposure to occupational levels of PAHs. A series of health problems (an increased 
risk of skin, lung, bladder and gastrointestinal cancers) have been reported (Boffetta et al. 
1997, Olsson et al. 2010, Diggs et al. 2011) for workers exposed to mixtures of PAHs and 
other chemicals. Long-term exposure to low levels of some PAHs (e.g., pyrene and BaP) has 
been identified as the cause of cancer in laboratory animals (Diggs et al. 2012). Figure 2.3 
summarises the short and long term effects of exposure to PAHs. 
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Fig. 2.3: Flow chart showing short and long term health effects of exposure to PAHs (Kim et 
al. 2013). 
2.4 Carbonyls 
 
Ambient carbonyls (aldehyde and ketones) play an important role in atmospheric 
chemistry, since they are stable intermediate products of the photochemical oxidation of 
hydrocarbons and important sources of free radicals (Possanzini et al. 1996). They are 
emitted directly into the atmosphere from different sources, including motor vehicle exhaust, 
and by the incomplete combustion of hydrocarbon fuels in industrial machinery and industrial 
processes (Cavalcante et al. 2006, Liu et al. 2006, Seco et al. 2007). Atmospheric photo-
oxidation is another important source of carbonyls, and involves a reaction of ozone with 
organic compounds that are associated with air pollution. Aldehydes and ketones are 
produced from the photo-oxidation of gas-phase hydrocarbons in sunlight (Baez et al. 1995, 
Grosjean et al. 1996, Katsoyiannis et al. 2008). Natural sources also contribute to the 
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atmospheric concentration of several carbonyls through the biogenic emissions of some 
plants (Ciccioli et al. 1993, Müller et al. 2002, Wildt et al. 2003, Villanueva-Fierro et al. 
2004), as well as photo-oxidation of naturally emitted hydrocarbon precursors (e.g. isoprene) 
(Grosjean et al. 1993). 
Carbonyl compounds are significant sources of free radicals in the atmosphere and 
also act as precursors for the formation of organic aerosols, making them major contributors 
to urban photochemical smog. In addition to their atmospheric effects, carbonyls are also of 
great concern because of their adverse effects on human health (WHO, 2001). The IARC has 
classified formaldehyde as a known carcinogen to humans, which causes nasopharyngeal 
cancer and probably leukaemia (IARC, 2006). Formaldehyde has been extensively used in 
the construction, wood processing, and furniture, textiles, carpeting and chemical industries. 
Although formaldehyde is a natural metabolic product of the human body, there is a risk of 
acute poisoning with high-dose exposure, whereas prolonged exposure can lead to chronic 
toxicity and even cancer (IARC, 2006). The short term exposure to formaldehyde and other 
specific aldehydes is known to cause irritation of eyes, skin and mucous membrane of upper 
respiratory tracts. Recently, many cases of poisoning, allergy, asthma, pulmonary damage, 
cancer and death were reported as a result of formaldehyde exposure from contaminated 
foods, drinking water and polluted indoor air (Tang et al. 2009). 
2.5 Indoor Air Quality (IAQ) 
 
Indoor air contains a wide range of chemicals, in the form of gases, vapours and 
particles, derived from various sources, such as the infiltration of outdoor air, building 
materials and different human activities. Studies have found that the levels of some indoor 
pollutants, such as VOCs, are higher than outdoor levels, and pointed out more indoor 
sources for these pollutants (Aslan 2008, Pegas et al. 2012, Mishra et al. 2014). People spend 
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most of their time indoors and therefore, the risk to human health may be greater due to 
exposure to indoor air pollutants (de Blas et al. 2012).    
The quality of air is important in each and every indoor environment; however there 
are a number of reasons why IAQ should be considered a top priority in schools. First and 
foremost, children are still developing physically and are more likely to suffer the adverse 
consequences associated with exposure to indoor air pollutants. In particular, the same 
concentration of pollutants can result in a higher body burden in children than adults because 
children breathe a greater volume of air relative to their body weight (Aslan 2008). Secondly, 
students spend a significant amount of time (approximately six to seven hours a day) in 
schools. It is therefore important that the school provides a healthy environment for learning. 
Researchers have explored the relationship between IAQ in schools and the allergic and 
respiratory health of school children. Gauderman et al. (2004) revealed that children exposed 
to the highest portion of traffic exhaust had a 45% increased risk of recurrent dry cough at 
night compared with children who were less exposed. Gauderman et al. (2002) also reported 
the positive associations between markers of traffic-related air pollution and respiratory 
health outcomes, including asthma onset, incidence of wheeze and ENT infections. Annesi-
Maesano et al. (2012) found that 30% of children are exposed to high levels of indoor air 
pollutants and that rhinoconjuctivitis (a form of allergy) was associated with high levels of 
formaldehyde in classrooms. 
2.6 Studies Related to VOCs, PAHs and Carbonyls in School Environments 
 
Investigations into the air quality in schools have been performed in different 
countries around the world. Outdoor air quality in schools can be affected by many factors, 
including the number and type of passing vehicles, distance from the road and locations of 
drop off and pick up areas, together with some meteorological factors, such as wind direction 
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and speed, while the air quality in classrooms can be affected by a number of different 
activities, in addition to the infiltration of outdoor air. Due to the long term health risks 
associated with organic pollutants, there is increased concern about the presence of these 
pollutants in schools; however there have been very few studies reported on indoor and 
outdoor PAH, VOC and carbonyl levels in schools. The pollutants most commonly monitored 
in elementary school studies are carbon dioxide, carbon monoxide, particulate matter (PM10, 
PM2.5) and inorganic and organic components, as well as biological agents, including 
airborne fungi and bacteria (Crilley et al. 2013, Salimi et al. 2013, Meklin et al. 2002, Godoi 
et al. 2009, Sohn et al. 2009, Geiss et al. 2011, Rivas et al. 2014). Below is a summary of the 
studies that were conducted on PAHs, VOCs and carbonyls in school buildings in different 
locations around the world. 
Norbäck et al. (1990) studied VOC and formaldehyde concentration in six classrooms 
in Sweden, where they reported that the concentration of formaldehyde was below the 
detection limit (<10 μg/m3) and the mean indoor VOC concentrations ranged from 70 to 80 
μg/m3. Another study in Sweden was conducted by Smedje et al. (1997), to investigate 
humidity, temperature, VOC and formaldehyde concentration in 38 randomly selected public 
schools. The VOCs with the highest concentration were limonene n-decane, toluene and 
xylene. Formaldehyde was below the detection limit of 5 μg/m3 and the mean concentration 
of the sum of 14 identified VOCs was 35 μg/m3. 
Lee et al. (2002) studied indoor air quality in selected indoor environments, such as 
homes, offices, schools and restaurants in Hong Kong. Ten schools with air conditioned 
classrooms were selected from mixed locations, including urban, industrial and residential 
areas. The indoor and outdoor concentrations of VOCs and formaldehyde were reported, with 
the level of formaldehyde found to be higher indoors than outdoors, but not exceeding the 
Hong Kong Interim Indoor Air Quality Guidelines (HKIAQ) standard of 100 μg/m3. The 
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most abundant VOCs were benzene, toluene, ethylbenzene, m,p- xylene and o-xylene and the 
mean values for these compounds were reported as 3.13, 17.74, 4.20,  3.30 and 1.66 μg/m3, 
respectively. 
Similarly, Daisey et al. (2003) reviewed the literature on indoor air quality, including 
VOCs, where the average TVOC concentrations in different European and US schools ranged 
from 0.1 to 1.6 mg/m3 under different conditions. 
Adgate et al. (2004) measured VOCs at four settings: outdoors (O), indoors at school 
(S), indoors at home (H) and in personal samples (P), in two inner city schools in Minnesota 
and found that most VOCs followed the general pattern O≈S<P≤H. Chloroform, 
dichlorobenzene, limonene and α,β- pinene originated primarily from indoor sources, while 
benzene, ethyl benzene, styrene, toluene, tetrachloroethylene and m/p/o –xylene had both 
indoor and outdoor sources. 
Ruchirawat et al. (2005) studied the exposure of school children to benzene and PAHs 
in two schools in Bangkok, showing that they were exposed to total PAHs and benzene at 
levels of 6.70 ng/m3 and 4.71 ppb, respectively. According to blood benzene levels, the 
Bangkok school children were exposed to twice as much benzene as school children in the 
rural school. 
Indoor environmental quality in classrooms was investigated in three primary schools 
in Western Australia (Zhang et al. 2006). A one year long sampling campaign was conducted 
for VOCs in six classrooms at each school. Ten compounds were identified, namely benzene, 
toluene, chlorobenzene, m,p- xylene, o- xylene, ethylbenzene, styrene, 1,2- dichlorobenzene, 
1,3- dichlorobenzene and 1,4- dichlorobenzene. The authors reported that the level of VOCs 
in most of the samples was either very low or below the detection limit. The detected VOCs 
had a TVOC level exceeding 10 μg/m3, with a maximum value of 94 μg/m3 in a visual arts 
classroom. 
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A study conducted by Godwin and Batterman (2007) in 64 classrooms in Michigan, 
USA reported that benzene, ethylbenzene, toluene, xylene and limonene were the prevalent 
VOCs in schools and their indoor concentrations usually exceeded outdoor levels. High 
indoor to outdoor ratios (I/O ratio > 10) were found for ethylbenzene, xylene, 2- butanone, 
methyl isooctane, alpha- pinene and limonene, while moderate I/O’s > 4 were found for 
toluene, styrene, chloroform, phenol and naphthalene, suggesting indoor sources for these 
VOCs.  
Tuntawiroon et al. (2007) concluded in their study that children who attend schools 
located in the proximity of high traffic areas are exposed to higher level of genotoxic 
environmental pollutants. This study focused on exposure to particle associated PAHs for 
children living in megacities with a high level of traffic congestion, such as Bangkok. They 
found that the ambient roadside concentration of total PAHs in proximity to Bangkok schools 
was 30 times higher than at roadsides near provincial schools. Benzo(g,h,i)perylene (BghiP), 
which is an indicator of automobile exhaust, was the predominant PAH. 
Sofuoglu et al. (2011) measured the concentration of VOCs in the classrooms, 
kindergartens and outdoor playgrounds of three primary schools in Turkey in different 
seasons and found that the concentrations were higher indoors than outdoors. Benzene, 
toluene and formaldehyde were the most common VOCs. There was no significant difference 
found in terms of seasonal and spatial variations of the most abundant species, indicating the 
presence of dominant indoor sources. The concentrations measured in kindergartens were 
higher than classrooms. 
Pegas et al. (2011a, 2012) investigated pollutant (organic and inorganic) 
concentrations inside and outside school buildings, and found significant contribution from 
indoor sources. Most of the assessed VOCs had an I/O ratio >1 in all seasons, showing the 
significant influence of indoor sources and building conditions. 
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Yamashita et al. (2011) investigated carbonyl concentrations in various rooms in a 
school and residential building in Japan. They reported that in several rooms, the 
concentration of formaldehyde exceeded the air quality guideline value (100 μg/m3) set by 
the World Health Organization. Furniture was found to be the major source of formaldehyde 
emission in many rooms, accounting for more than 50% of each room’s total emissions. 
Other carbonyls found in schools were acetaldehyde, propionaldehyde, butyraldehyde, 
hexaldehyde and benzaldehyde, with concentrations in the range 19-290 μg/m3. Overall, 
indoor concentration was found to be higher than outdoor concentration. 
Jiang and Zhang (2012) measured the concentration of 13 carbonyl compounds in an 
academic building in Beijing, China, where they found that total concentration of detected 
carbonyls ranged from 20.7 to 189.1 μg/m3, and among them, acetone and formaldehyde 
were the most abundant, with mean concentrations of 26.4 μg/m3 and 22.6 μg/m3, 
respectively. Average indoor concentrations of other carbonyls were below 10 μg/m3. 
Alves et al. (2014) detected PAHs at indoor and outdoor concentrations of 890 ± 650 
and 830 ± 431 pg/m3, respectively, in the air samples of primary school in Averio, Portugal. 
The other groups of organic compounds identified were acids, sugars and alkanes. Infiltration 
of outdoor air and cleaning products were found to be the major sources for alkanes and 
terpenic compounds indoors. 
Finally, Kumar et al. (2014) compared indoor and outdoor VOC concentrations in two 
types of premises (homes and hostels) at the Academic Institute of India. The mean 
concentrations of total VOCs (hostels: ∑11 VOCs = 119.5 and 83.1 μg/m
3
 for indoor and 
outdoor, respectively; homes: ∑11 VOCs = 70.4 and 26.8 μg/m3 for indoor and outdoor, 
respectively) and individual VOCs were found to be higher indoors for both premises and 
toluene was found to be the most dominant in both locations. Indoor to outdoor ratios of the 
targeted VOCs exceeded 1, suggesting the presence of significant indoor sources. The 
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observed concentrations of VOCs were mainly associated with household products, building 
furnishing materials and personal care products. 
All of the above studies investigated at least one of the three groups of organic 
compounds (PAHs, VOCs and carbonyls), in outdoor (playgrounds) and/or indoor 
(classrooms, kindergartens) environments in schools. They not only quantified these 
compounds, but also identified their sources. Most of the studies concluded that indoor 
concentrations of these compounds were relatively higher than outdoor concentrations, with 
benzene, toluene, xylenes, formaldehyde and limonene found to be the most detected 
compounds. The indoor to outdoor ratio (I/O) for most of the assessed VOCs was greater than 
1, showing the influence of indoor source on the emission of VOCs.  
While the majority of these studies focused on VOCs and formaldehyde garnered the 
most attention among carbonyls, there are other compounds which are likely to be present in 
these environments and are also important in terms of health risk (i.e. PAHs in schools). In 
addition, none of these studies investigated the toxicity of the mixtures in the indoor air of 
school classrooms. Finally, these studies were predominantly carried out in continental and 
semi-arid climates, with very few in hot and warm climates, where large fractions of the 
worlds’ population reside. 
2.7 Source Apportionment of Ambient Pollutants 
 
  Source apportionment studies have become very widespread and are conducted to 
identify different sources of pollution, along with the level and contribution of the pollutants. 
They are primarily based on measurements and tracking down the sources through receptor 
modelling, which helps in identifying (qualitative approach) the sources, as well as the extent 
of their contribution (quantitative approach) to pollution levels at a receptor site. These 
studies are important for policy makers by providing information on the sources of pollution, 
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in order to find appropriate strategies for its reduction. This section discusses the qualitative 
and quantitative methods that are used to identify and apportion sources of pollutants. 
2.7.1 Sources Identification by Diagnostic Ratios 
 
PAHs are always emitted as part of a mixture, and relative molecular concentration 
ratios are considered to be characteristic of a given emission source. The PAH emission 
profile for a given source depends on the processes producing the PAHs (Manoli et al. 2004). 
Low molecular weight PAHs are usually formed during low temperature processes, such as 
wood burning, whereas high molecular weight PAHs are emitted from high temperature 
processes, such as the combustion of fuels in engines (Mostert et al. 2010). 
PAH diagnostic ratios have been used to distinguish diesel and gasoline combustion 
emissions (Ravindra et al. 2008a), different crude oil processing products and biomass 
burning processes, including bush, savannah and grass fires (Yunker et al. 2002). However, 
this method of identification is constrained to specific PAHs with identical molecular masses 
and a similar environmental fate (Baumard et al. 1998, Yunker et al. 2002). 
Zhang et al. (2008) conducted a study on PAHs in different environments, including 
urban road runoff and dust in Beijing, China, where they used the ratio of low molecular 
weight PAHs/high molecular weight PAHs (LMW/HMW) as a source indicator to 
differentiate petrogenic and pyrogenic sources. This is because petrogenic sources contain 
HMW PAHs, which are formed from the emission of petroleum related material, while 
pyrogenic sources contain LMW PAHs which are formed from the burning of fuels (wood 
and coal). Overall, pyrogenic and petrogenic sources were found in all environments 
investigated in the study. This finding is supported by other studies investigating diagnostic 
ratios, the findings of which are presented in Table 2.3. 
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Table 2.3: Diagnostic ratios used with their typically reported values for particular sources 
PAH ratio Value range Source Reference 
∑LMW/∑HMW <1 Pyrogenic (Zhang et al. 2008) 
 >1 Petrogenic 
∑COMB/∑PAHs ͠   1 Combustion (Ravindra et al. 2008a) 
Fl/(Flu + Pyr) <0.5 
>0.5 
Petrol emissions 
Diesel emissions 
(Ravindra et al. 
2008b) 
Ant/(Ant+ Phe) <0.1 
>0.1 
Petrogenic 
Pyrogenic 
(Pies et al. 2008) 
Flt/(Flt+ Pyr) <0.4 
0.4-0.5 
>0.5 
Petrogenic 
Fossil fuel combustion 
Grass, wood, coal 
combustion 
(De La Torre-Roche et 
al. 2009) 
BaA/(BaA +Chr) <0.35 
>0.2 
<0.35 
Coal combustion 
Vehicular emissions 
Petrogenic 
combustion 
(Yunker et al. 2002, 
Akyüz and Çabuk 
2008) 
BaP/(BaP + BeP)  ͠   0.5 
<0.5 
Fresh particles 
Photolysis (ageing  
of particles) 
(Oliveira et al. 2011) 
IcdP/(IcdP + BghiP) 
 
 
<0.2 
0.2-0.5 
>0.5 
Petrogenic 
Petroleum combustion 
Grass, wood and coal 
combustion 
(Yunker et al. 2002) 
Ret/(Ret+ Chr) ͠   1 Wood burning (Yan et al. 2005) 
2- methyl-
naphthalene/Phe 
<1 
2- 6 
Combustion 
Fossil fuels 
(Opuene et al. 2009) 
∑MePhe/Phe <l 
>1 
Petrol combustion 
Diesel combustion 
(Callén et al. 2011) 
BaP/BghiP <0.6 
>0.6 
Non-traffic emissions 
Traffic emissions 
(Katsoyiannis et al. 
2011) 
∑COMB - (Flu, Pyr, BaA, Chr, BkF, BbF, IcdP and BghiP); ∑PAHs - sum of total non- 
alkylated PAHs; ∑LMW- sum of two and three ring PAHs; ∑HMW - sum of four and five 
ring PAHs. 
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2.7.2 Hierarchical Cluster Analysis (HCA) 
 
Cluster analysis is an unsupervised pattern recognition or exploratory multivariate 
technique used to classify objects into clusters on the basis that each object is similar to the 
others within its class but different from those in the other classes (Kavouras et al. 2001).  It 
also uncovers the intrinsic structure or underlying patterns in a data-set without making a 
priori assumption (i.e. membership of all objects and the number of possible groups are 
unknown). It has the ability to resolve sources based on clusters of signature compounds (e.g. 
VOCs). In cluster analysis, it is hypothesised that compounds having a similar source 
signature cluster together and the outcome is represented graphically as a dendrogram. A key 
component of the analysis is a repeated calculation of distance measures between objects (or 
variables), and between clusters once objects (or variables) begin to be grouped into clusters. 
HCA has mainly been applied in environmental studies to classify ecological subjects, such 
as determining similarities between polluted environmental locations (Simeonova and 
Simeonov 2006). It has also been used in pollutant source identification, based on the 
grouping of pollutant species (Brady et al. 2014). However, one of the limitations of cluster 
analysis is that there are no official guidelines or accepted conventional approaches for 
identifying or defining clusters. 
2.7.3 Principal Component Analysis (PCA) 
 
PCA is the most commonly used method in multivariate data analysis. The main 
purpose of PCA is to reduce the number of inter-related variables in the collected data to give 
a lower number of principal components (PCs) which are orthogonal to each other (Ong et al. 
2007). Each PC is made up of coordinates of either objects or variables, which are 
represented by a scores and loadings plot (Lim et al. 2007). The scores plot allows the 
comparison of objects with respect to several variables, while the loadings plot is a plot of the 
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contribution of the original variables (i.e. pollutants). The scores and loadings may have 
positive and negative values for objects and variables, and can be displayed together in a 
biplot. PCs are chosen such that the first PC explains the maximum amount of variance in 
data set, while the remaining variations are represented by subsequent PCs. Scores and 
loadings plots indicate the relationship between objects or variables and can be a useful tool 
for the recognition and elucidation of contaminants in environmental samples. Therefore, 
PCA is beneficial in order to identify patterns in data, and express the data in such a way as to 
highlight their similarities and differences. PCA can also be used to compress the data, by 
reducing the number of dimensions, without much loss of information. However, PCA is not 
a quantitative method and best serves to represent data in simpler, reduced form. 
2.7.4 Receptor Modelling Approach 
 
The receptor model approach is a specified mathematical or statistical procedure used 
in order to identify and quantify the sources of pollutants at a receptor location, primarily on 
the basis of concentration measurements at that receptor. Generally, a receptor model uses 
ambient concentrations as inputs and calculates the source contribution. The model is applied 
by assessing contaminant source profiles and their contribution to absolute concentrations, 
and validation of model results is facilitated by comparison with literature data (Guo et al. 
2004). The receptor modelling approach is based on an assumption that the total 
concentration of each contaminant is made up of the linear sum of its contributions from each 
of the source components collected at the receptor sites (Thurston and Spengler 1985).  As a 
result, obtaining a data set for receptor modelling involves determining a large number of 
chemical constituents, such as PAH concentration in a number of samples (Hopke et al. 
2005). However, limitations have been found in terms of the use of receptor models, such as 
loss of chemical species during transport from their source/s to potential receptor sites 
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through the process of chemical and photochemical degradation (Li et al. 2003). A basic 
schematic diagram representing the concept of receptor modelling is given in Figure 2.4.  
 
 
 
 
 
Figure 2.4: A basic schematic diagram for a receptor model 
 
Receptor-oriented source apportionment models have been used for environmental 
source apportionment for air (Larsen and Baker 2003, Friend et al. 2011), soil (Mostert 2008, 
Yang et al. 2013) and sediment samples (Sofowote et al. 2008, Zhang et al. 2011). The 
Chemical Mass Balance model is most widely used with atmospheric samples (Watson et al. 
1990, Henry et al. 1984, Larsen and Baker 2003). The generalised formula used in the CMB 
model (Watson et al. 1990, Gordon 1988) is given below: 
ci= ∑ mjxij 
        j 
 
where ci is the concentration of i
th
 element in the pollutant sample; mj is the fractional mass 
contribution of the j
th
 source and xij is the concentration of the i
th
 element in the j
th
 source. 
However, this CMB equation is primarily based on an assumption that there is no 
modification in composition between the source and receptor (road). The basic assumptions 
and uncertainties involved in these methods are discussed elsewhere (Watson et al. 2008), 
Henry et al. 1984). 
The work of Olson et al. (2009) provides an example of the use of a CMB model for 
VOCs near roadways, where the authors assumed the likely sources (motor vehicle exhaust, 
Receptor model 
 
Ambient 
concentrations 
Source 
contributions 
Source profiles (i.e 
characteristics) 
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natural gas, propane gas and evaporative gasoline vapor) and related the VOCs to those 
sources.  The indicator VOCs for each of the sources were identified from the literature 
(Fujita 2001, Watson et al. 2001, Mukerjee et al. 2004) and were as follows: 1. Motor vehicle 
exhaust - toluene, benzene and n-hexane; 2. Natural gas - ethane; 3. Propane gas – propane; 
and 4. Evaporative gasoline vapor - butane and iso pentane. It was found that a majority of 
the VOCs resulted from motor vehicle exhaust and that its contribution to total VOC 
emissions was 67%. While the CMB model requires prior knowledge of the composition of 
all sources contributing to the pollutant mixture, it does not correlate with the number of 
sources in the mixture (Pant and Harrison 2012). 
In addition to the CMB model, multivariate statistical models have been used to 
determine pollutant sources and their contributions. Common receptor models that have been 
based on factor analysis include: Positive Matrix Factorisation (PMF), UNMIX and principal 
component analysis/absolute principal component scores (PCA/APCS). Factor analysis has 
been applied to identify relatively small numbers of factors that can be used to represent the 
sources of pollutants (Pujari and Deshpande 2005). While these models do require a large set 
of data, they do not require prior knowledge of pollutants, but information on source pollutant 
characteristics is helpful in distinguishing between similar sources (Pant and Harrison 2012). 
Normally, a given chemical constituent (pollutant species) will have several sources and the 
model is able to analyze the correlation in a multidimensional space and can generate 
chemical signatures of ‘factors” with unique temporal profile characteristics of a source. Past 
knowledge of source chemical signatures is used to assign factors to a source (Harrison et al. 
1996). However, the results may be more accurate if the source signatures in the study area 
are used to identify the sources. This is because the experimental issues and location specific 
characteristics can vary the source signatures from one place to another. 
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PCA is the most extensively used multivariate technique for the analysis of complex 
environmental samples (Mostert et al. 2010). Mari et al. (2010) conducted a study on PAHs 
in the atmosphere derived from measured data from the urban roadside, urban background 
and rural sites in Brimingham and subjected those data to PCA. Four principal components 
were identified, where PC1 showed the loading of high molecular weight PAHs, while PC2 
with low molecular weight PAHs, explaining 65% and 11% of the variance, respectively. 
They defined gasoline powered vehicles as a source of PC1 and diesel vehicles as a source of 
PC2. However, the application of PCA to environmental datasets has some limitations, 
including the absence of physically plausible solutions, without recourse to the varimax 
rotation technique. Additionally, the final solutions produced by PCA are not proportional to 
actual pollutant source contributions (Friend et al. 2011). In other words, PCA is a qualitative 
technique to identify the sources and cannot be used for source contribution. In order to carry 
out source apportionment, PCA must be coupled with multiple linear regression analysis 
(MLR), also known as the absolute principal component scores (APCS), to provide 
quantitative analysis (Guo et al. 2004). 
Kavouras et al. (2001) conducted a study on the source apportionment of PAHs in 
urban organic aerosols in Santiago de Chile. The authors performed PCA/MLR to quantify 
PAH sources, in addition to the diagnostic ratio analysis and cluster analysis (as they give 
only qualitative information about the sources). PCA determined the factor loadings, hence 
the sources and MLR determined the contribution of sources to PAH concentration, and 
concluded that combustion emissions were the major source of PAHs in urban atmosphere. 
However, PCA can give negative contributions for some sources or pollutants, which is 
physically impossible in environmental samples and means that PCA cannot always model 
such data in an effective manner (Larsen and Baker 2003). 
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PMF has been used for the source characterization of organic pollutants in air samples 
by various researchers (Chan et al. 2008, Pekey et al. 2013, Callén et al. 2014). A study 
conducted by Chen et al. (2014) used a PMF model to identify primary and secondary 
sources of ambient carbonyls in Beijing. Four factors were resolved in summer and five 
factors were resolved in winter, two of which were identified as photo-chemically aged 
emissions. The source apportionment results indicated that secondary formation was the 
major source of carbonyls in both winter and summer, with the respective contributions of 
51.2% and 46.0%. For the three major carbonyl species, primary anthropogenic sources 
contributed 28.9% and 32.3% to ambient formaldehyde, 53.7% and 41.6% to acetaldehyde 
and 68.1% and 56.2% to acetone in winter and summer, respectively.  
The application of PMF can be appropriate for other environmental samples as well, 
including soil/solids. Deficiencies in PCA can be overcome via PMF because it produces 
positive, interpretable contributions; however this method requires a comprehensive set of 
data, in order to perform better than PCA. The application, advantages and limitations of the 
different techniques used for source apportionment are summarized in Table 2.4. 
Table 2.4: Source apportionment techniques  
Technique Application Advantages Limitations 
Diagnostic ratios 
(DR) 
Source 
identification 
Less calculation, 
Can be applied to small 
dataset. 
 
Constrained to specific 
compounds 
Hierchical Cluster 
Analysis(HCA/CA) 
Pattern recognition Good for quick overview of 
data, and if there are many 
groups in data 
No official guidelines 
to identify or define 
clusters 
 
Principal 
Component 
Analysis (PCA)  
Pattern recognition Identify patterns in data and 
express them in such a way to 
highlight the similarities and 
differences, compress the data 
without loss of much 
information 
 
Not a quantitative 
method 
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PCA/Multilinear 
Regression (MLR) 
or Absolute 
Principal 
Component Scores 
(APCS)  
Source 
apportionment 
Prior knowledge of the sources 
is not required, 
Most widely used receptor 
model applied in many areas 
Negative contributions 
can be produced which 
is unreasonable for 
environmental analysis  
 
Chemical Mass 
Balance 
Receptor 
modelling, source 
apportionment 
few measurements are needed   Pre-determined source 
profiles are required 
 
 
Positive matrix 
factorization (PMF) 
Receptor 
modelling, source 
apportionment 
Results do not have negative 
constraints, missing values can 
be handled by replacing and 
applying higher uncertainty 
Large number of 
dataset is required, 
uncertainty associated 
with each 
measurements 
required, determining 
number of factors is 
difficult; require many 
parameters, evaluation 
tools to obtain results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 43 
 
2.8 Gaps in Knowledge 
 
  Many studies were conducted in different types of environments in relation to air 
pollutants. However, based on a review of the literature, the following gaps in knowledge 
have been identified, in relation to the investigation of VOCs, PAHs and carbonyls in a 
school environment: 
(i) Characterization 
 Comprehensive characterization, including the chemical composition of 
VOCs, PAHs and carbonyls in school environments is not available. 
 Quantification of spatial variation of these chemical pollutants in hot and 
warm climate is very limited. 
 A comparative study on the level of these pollutants in indoor and outdoor 
locations is lacking. 
(ii) Correlations between pollutant concentrations and meteorological parameters, 
including wind direction and wind speed should be considered. 
(iii) Source Apportionment 
 No simultaneous information is available on the source apportionment of 
VOCs, PAHs and carbonyls in indoor and outdoor environments. 
 Contribution of local and school-related traffic to the levels and sources of 
pollutants needs to be studied. 
 
(iv) Toxicity and Exposure 
 Information on the toxicity of indoor air mixtures in classrooms is very 
limited. 
 Exposure assessment of children, in terms of these gaseous pollutants 
at school, needs to be investigated. 
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Abstract 
 
Long term exposure to organic pollutants, both inside and outside school buildings 
may affect children’s health and influence their learning performance. Since children spend 
significant amount of time in school, air quality, especially in classrooms plays a key role in 
determining the health risks associated with exposure at schools. Within this context, the 
present study investigated the ambient concentrations of Volatile Organic Compounds 
(VOCs) in 25 primary schools in Brisbane with the aim to quantify the indoor and outdoor 
VOCs concentrations, identify VOCs sources and their contribution, and based on these; 
propose mitigation measures to reduce VOCs exposure in schools. One of the most important 
findings is the occurrence of indoor sources, indicated by the I/O ratio >1 in 19 schools. 
Principal Component Analysis with Varimax rotation was used to identify common sources 
of VOCs and source contribution was calculated using an Absolute Principal Component 
Scores technique. The result showed that outdoor 47% of VOCs were contributed by petrol 
vehicle exhaust but the overall cleaning products had the highest contribution of 41% indoors 
followed by air fresheners and art and craft activities. These findings point to the need for a 
range of basic precautions during the selection, use and storage of cleaning products and 
materials to reduce the risk from these sources. 
Keywords 
 
Volatile organic compounds, ambient concentrations, personal exposure, schools, children 
3.1 Introduction 
 
Volatile Organic Compounds (VOCs) are released into the environment via natural 
and anthropogenic processes. They represent a major group of indoor and outdoor air 
pollutants; they are ubiquitous and associated with increased long term health risks. 
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Vehicular and industrial emissions are the major sources of VOCs in outdoor air, while the 
indoor sources are tobacco smoke, cooking fumes, cleaning products, heating, varnishing and 
painting, computers, photocopiers and printers (Destaillats et al., 2008, Jia et al., 2008, Wu et 
al., 2011). Urban air consists of different types of VOCs, many of which are classified as 
group 1 carcinogen (e.g. benzene), potential carcinogens (e.g toluene and xylenes)  while 
some, including formaldehyde are classified as  known carcinogens (IARC 2006) to humans. 
Children are exposed at schools to pollutants from different emission sources 
operating both inside and outside the classroom. Indoor air quality may even be of more 
concern in classrooms than in other types of buildings due to a number of factors, including 
higher occupant density (i.e. volume of classroom and number of children), activities 
conducted inside the classrooms and insufficient ventilation, aggravated by the poor 
construction and/or maintenance of many school buildings. VOC concentration tends to be 
lower in the spacious and well ventilated classrooms with a low occupancy ratio (Pegas et al., 
2011b). Accumulation of pollutants is possible when doors and windows remain closed for 
long periods of time in order to maintain thermal comfort, especially in winter. In addition to 
this, children are involved in different types of art and craft activities, with the use of glue 
and paints that may increase the level of VOCs in the classroom as reported by Zhang et al. 
(2006) and Pegas et al. (2011b). Besides these, the use of cleaning and other consumer 
products inside the classroom are also possible sources of VOCs. If the school is located in an 
urban environment, the air quality can be affected by many other factors, such as the amount 
and type of passing traffic, distance from the road and the location of drop off and pick up 
areas, together with some meteorological factors, like wind direction and speed. 
The pollutants most commonly monitored in elementary school studies are carbon 
dioxide, carbon monoxide, nitrogen dioxide, particulate matter (PM10, PM2.5) and inorganic 
components, as well as biological agents including airborne fungi and bacteria (Meklin et al., 
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2002, Godoi et al., 2009, Sohn et al., 2009). There have been several studies performed 
worldwide to assess students’ exposure to indoor particles, but very few aimed at 
characterizing their chemical composition, and those that did mainly focused on elemental 
content (e.g. Molnar et al., 2007, Stranger et al., 2008, Almeida et al., 2011, Oeder et al., 
2012).  
Due to the long term health risks associated with organic pollutants, there is increased 
concern about their presence in the air of schools. A study conducted by (Godwin and 
Batterman 2007) in 64 classrooms in Michigan, USA reported that benzene, ethylbenzene, 
toluene, xylene and limonere were the prevalent VOCs. (Sofuoglu et al., 2011) measured the 
concentrations of VOCs in classrooms, kindergartens and outdoor playgrounds of three 
primary schools in Turkey in different seasons and found the concentrations were higher 
indoors than outdoors. Ten VOCs were identified in the study conducted in three primary 
schools in Western Australia (Zhang et al., 2006), of which the highest concentration was 
measured in the visual art classroom. Pegas et al., 2011a, Pegas et al., 2012 investigated the 
pollutant (organic and inorganic) concentrations inside and outside school buildings and 
found the important contribution from indoor sources. In general, literature reports higher 
VOC concentrations indoors than outdoors. None of the above studies investigated on the 
sources of VOCs and their contributions .Therefore, the identification and of outdoor and 
indoor sources of VOCs particularly in school environment is still lacking.  
To address this gap in knowledge, the following aims were established for this study: 
1) to conduct comprehensive measurements of VOCs in indoor and outdoor air of 
representative number of urban primary schools; 2) to quantify the relationship between 
indoor and outdoor VOCs concentrations; 3) to identify the VOCs sources and activities 
contributing to these sources in urban schools and 4) to identify the optimal scenarios for 
reduction of VOCs exposure to children at schools. This study is a part of larger project 
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called “The Effect of Ultrafine Particles from Traffic Emissions on Children’s Health 
(UPTECH),” which seeks to determine the effect of exposure to traffic generated ultrafine 
particles and organic pollutants in schools. The complete study design is available online 
(http://www.ilaqh.qut.edu.au/Misc/UPTECH%20Home.htm). 
3.2 Experimental Section/Material and Methods 
 
3.2.1 Study Location 
 
Brisbane, the capital city of the State of Queensland, is located along the South-East 
coast of the state and is the third most populated city in Australia, with  population more than 
2 million (ABS, 2011). Although the city lies on either side of the Brisbane River, on a low 
lying flood plain, it is surrounded by hills, some of which reach 300m in height. The major 
air pollution sources in Brisbane include vehicle emissions, controlled and uncontrolled 
biomass burning in the vicinity of the city and a limited number of industrial activities, such 
as a power station, oil refineries, the airport, port and a brewery (Morawska et al., 2002). 
Brisbane has a subtropical climate, with a hot and humid summer (mean temperature 25° C) 
and a dry, moderately warm winter (mean temperature 15° C), with an average diurnal 
temperature variation around 9 - 10° C.  
3.2.2 Study Design 
 
3.2.2.1 School selection and location 
 
The 25 state schools selected for this study, coded as S01 to S25, were from a range 
of different suburbs in the Brisbane Metropolitan Area. The schools were randomly selected 
but they need to meet several selection criteria, which were: (i) no major pollution sources 
near the schools other than traffic; (ii) not close to any large infrastructure project, such as a 
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major road, tunnel or building construction; and (iii) naturally ventilated classrooms used by 
8-11 year old children. The general characteristics of each school are described in the 
Supplementary Table 3.S1. 
3.2.2.2 Sampling period and sites 
 
The field measurements were conducted throughout the year, from October 2010 until 
August 2012, except on school holidays. There were two sampling sites for VOCs at each 
school - one outdoor and one indoor. The outdoor site was chosen in a central location within 
the school grounds, which was assumed to represent the air quality within the school as best 
as possible. The indoor site was a classroom used by 8-11 year old children. All of the 
classrooms were naturally ventilated via doors and windows, with an occasional use of a fan 
or local air conditioning systems, which were not operated during the measurements. Doors 
and windows were usually closed while doing indoor measurements. Children were involved 
in different activities inside the classroom, including painting, art and craft. 
3.2.3 Sample Collection and Analytical Methods 
 
VOCs samples were collected using active sampling procedure by a portable VOC 
pump. The flow rate was set to 150 mL/min. The measurements were taken at the height of 
1.5 m from the ground. Stainless steel desorption tubes filled with Tenax TA ((20/35 and 
60/80 mesh; 300mg) were used indoors to prevent terpenes and aldehydes from analytical 
losses. To avoid artefacts (due to reactive gases like ozone or NOx) tubes were filled with 
carbotrap (20/40 mesh; 300 mg) for outdoor measurements. Air samples were collected 
between 7 am and 5 pm, each day (outdoor: 9:00 am, 9:45am, 1:10 pm, 1:55 pm; indoor: 7:00 
am, 7:45 am, 3:00 pm, 3:45 pm; volume: 6L) in each school. Several sampling periods, 
including before the start of class, during school and after school hours was chosen. There 
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were no students and teachers inside the classroom during the indoor measurements. Once the 
sampling was completed, the tubes were made air tight using screw caps, placed in a ziplock 
plastic bag and sent to Fraunhofer WKI, Braunschweig, Germany for analysis. 
  Laboratory analysis of all sorbent tubes was performed via thermal desorption/gas 
chromatography, coupled with mass spectrometry (TD-GC/MS), according to DIN ISO 
16000-6. An Agilent 7890/5975 GC/MS system equipped with a Markes TD 100 thermal 
desorber was used and the compounds were separated on a HP-5MS column (60m x 0.25 
mm, 0.25 μm). Further details of the GC/MS system are provided in Supplementary Table 
3.S2. 
Identification was based on a probability-based matching (PBM) library search 
(McLafferty and Turecek, 1993). Mass spectra and retention data were compared with those 
of measured reference substances. All identified compounds were quantified using internal 
and external standards against original reference substances. The calibration was made using 
external standards (containing around 200 compounds commonly found in air samples).  
Standards were measured every three weeks and on demand, depending on the sample. For 
the substances that were not covered by mixed standards, single standards for external 
standardisation were prepared and updated the database. Quantification with toluene and 
other compounds similar to analytes was only done if no reference standard was available. 
Internal standards were also continuously used. For the calibration, the linear regression 
model was used (Massold et al., 2005). In all cases the limit of detection was < 1 μg m-3. 
3.2.4 Data Analysis 
 
The geometric mean and standard deviation of the ambient concentration of 
individual VOCs as well as total VOCs for all samples were calculated using Microsoft Excel 
2007. All of the concentration values were blank corrected. The average total VOCs were 
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plotted in a bar diagram against each sampling site, in order to compare indoor and outdoor 
concentrations (Fig 2). The I/O ratio for each sampling site was used in further analysis, in 
order to determine the VOCs sources. Traffic density was calculated using five minute 
averaging intervals. Average traffic count per hour was calculated in all sites for sampling 
period. 
Principal Component Analysis (PCA) with Varimax rotation was applied to the VOC 
concentration data to identify the VOC sources. Absolute Principal Component Score 
(APCS) technique was used to quantify the source contribution. The detailed description of 
PCA-APCS method was followed as given by (Guo et al., 2004a).  IBM SPSS (version 21) 
was used for the PCA –APCS analysis. Before applying PCA to the VOC data, individual 
samples were inspected for their percentage of occurrence in all schools. VOCs with 20% or 
less detection  rates in the samples were not included in the analysis and absolute coefficients 
less than 0.50 have been omitted from the Tables to facilitate source identification. The 
missing values and values below the detection limit were replaced by the geometric mean and 
half of method detection limit, respectively. 
3.3 Results and Discussion 
 
3.3.1 Meteorological Conditions 
 
The average temperature and relative humidity for each school during the 
measurement period (i.e. from 7 am to 5 pm over 4 days of sampling) are included in Table 
3.S3. Sampling at 11 schools was completed during the summer (November to April), with 
an average temperature of 24 °C, while Sampling at 14 schools was done in winter (May to 
October), with an average temperature of 16-18° C. Since Brisbane has a subtropical climate, 
there was a relatively small difference in summer and winter temperatures. The average 
humidity varied from 30-71%. The wind direction data were used to prepare wind rose plots 
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for the entire sampling period at each school to identify the prominent wind direction either 
from school to road or road to school. 
3.3.2 Composition of air samples 
 
More than 70 VOCs including very few Very Volatile Organic Compounds (VVOC) 
and Semi volatile organic compounds (SVOC) were identified in the air samples collected at 
the 25 schools. Those compounds were separated into different groups according to their 
chemical structure namely aliphatic hydrocarbons, aromatic hydrocarbons, aldehyde and 
ketones, terpenes, cyclo- aliphatics, alcohols, halogenated hydrocarbons, organic acid and 
esters. The detailed composition of compounds within each group is provided in 
Supplementary Table 3.S4. Overall, more VOCs were identified in indoor than outdoor air 
samples. 
3.3.3 Ambient concentration of total VOCs and I/O ratios 
 
This section presents the indoor and outdoor concentrations of total VOCs (sum of all 
the quantified VOCs ranging from C6- C16), as well as I/O ratios and comparison with other 
studies. In general, the total indoor VOCs concentrations were found to be higher than 
outdoor concentration, with only five schools having higher outdoor concentrations as can be 
seen in Figure 3.1. The geometric mean concentrations for indoor and outdoor total VOCs for 
all schools were 125μg/m3 and 71μg/m3 respectively. The range for total VOCs was (8-
1070μg/m3) indoors and (3-826μg/m3) outdoors. In addition to this, individual 
concentrations of the most common compounds and their I/O ratios are presented in boxplots 
in Supplementary Information S1 (Figure 3.S1, figure 3.S2 and figure 3.S3). 
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Figure 3.1:  Total VOCs (geometric mean, μg/m3 ) for each school. Error bar represents the 
std. deviation 
Figure 3.2 presents a comparison between the total VOCs concentrations identified in 
this study and those reported in literature. It can be seen that the total VOC concentrations 
measured in this study were either similar or higher than the studies performed in other 
countries, but significantly lower indoors than those measured in South Korea. In the later 
study the samples were collected from schools that had been recently renovated and 
reconstructed. 
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Figure 3.2: Average VOCs concentration at different locations (Michigan:(Godwin and 
Batterman 2007);Minnesota:(Adgate et al., 2004);Malmo:(Willers et al., 1996);Turkey: 
(Sofuoglu et al., 2011);Korea: (Yang et al., 2009); Sweden:(Smedje et al., 1997) 
In addition to the studies  included in figure 3, Pegas et al, 2011a, 2012b) reported the 
range for total VOCs (μg/m3 ) in different seasons in schools as (a) Indoor: 37-317 in Spring, 
11-922 in autumn, 84-2175 in winter (b) outdoor: 6-18 in spring, 5-50 in autumn, 7-22 in 
winter. Similarly, Sofuoglu et al., 2011 showed the comparison between outdoor playground 
and classrooms concentrations in their study (Classroom: 27 in fall, 111 in winter, 66 in 
spring; Outdoor playground: 22 in fall, 41 in winter, 24 in spring). Although, season was not 
taken into consideration in our study, the overall trend was similar to other studies showing 
that in all seasons indoor levels were higher than outdoor. 
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The I/O ratio is generally used to infer penetration of pollutants into the indoor 
environment through doors and windows as well as the presence of indoor sources (Tang et 
al., 2005). A ratio less than or close to one indicates significant outdoor source contribution 
(Edwards et al., 2001). The geometric mean concentration of total VOCs was used to 
calculate I/O ratios, which were found to be >1 in the majority (i.e. 19) of the schools studied 
as can be seen in figure 3.3, which implies that, in addition to outdoor sources, there were 
dominant indoor sources in these schools. 
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Figure 3.3: Indoor/Outdoor ratio (in increasing order) of total VOCs for each school 
Only five schools (S02, S05, S08, S18 and S19) had I/O ratios <1, which shows that 
outdoor VOC concentrations were higher than indoor, and implying that outdoor sources had 
dominant contribution. This can be explained by the combination of the important factors: 
wind and traffic during school hour as well as the level of indoor emissions. In S02, S05 and 
S08 the wind direction was predominantly from the road to school and the number of 
vehicles passing per hour was also higher i.e. 1418, 1096 and 1106, respectively; this 
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accounted for the high outdoor concentrations. S19 had comparatively high traffic count 
(1609) though the wind direction was from the school to the road whereas S18 had very low 
traffic count (92 vehicles/hr) and the wind direction was also from the school to the road. 
These two factors cannot explain the low value of I/O ratio in these schools.  
  It can also be seen from figure 4 that I/O ratio in seven schools (S16, S23, S09, S17, 
S13, S12 and S11) was very high indicating dominant indoor sources. There were evidences 
found inside the classroom during the measurements in these schools such as in S09 
classroom was newly painted because the school was flooded, some renovation was done 
recently in S11. Similarly, there were much paperwork activities done by the students 
hanging on the wall, windows, over desk and benches in S12 and S13. There was a sink 
inside the classroom in S17 where the use cleaning liquids, soaps was very common. During 
the measurements in S16 and S23, cleaners were wiping desk, table using the spray. These 
local evidences support for the high concentration indoors in these schools. 
3.3.4 Source Identification 
 
Source identification of indoor and outdoor VOC concentrations was carried out using 
the PCA method. 
3.4.1 Outdoor VOCs 
 
As explained in the data analysis section, out of the 48 outdoor VOCs identified, the 
16 species which were the most abundant compounds in the atmosphere were selected for 
further analysis. The PCA anysis was carried out twice for outdoor data in order to see the 
changes made by including and excluding S03 but the results were very similar therefore the 
results with S03 were mentioned here. Five components/factors were extracted from the 
application of PCA to the data. The rotated component matrix for outdoor VOCs is presented 
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in Table 3.S5 (Supplementary Information). Varimax rotation with Kaiser Normalisation was 
applied to determine the appropriate number of factors to be retained (i.e. only factors with an 
eigenvalue >1) (Kaiser, 1958). Marker compounds for specific sources were determined 
based on published chemical composition profiles (Vega-Baudrit et al., 2007, Shinohara et 
al., 2009, Kim et al., 2010, Yrieix et al., 2010, and Yuan et al., 2010) as well as some prior 
knowledge regarding the sources of VOC species.  The five components in Table 3.S5 of 
Supplementary Information represent the following source categories: 1. Petrol vehicle 
exhaust; 2. Fuel evaporation (petrol and diesel); 3. Industrial sources; 4. Solvent usage; and 5. 
Photochemical process. Altogether, 84% of data variability was explained by these five 
factors. 
The characteristics of the five factors representing the five source categories for the data are 
summarized in Table 3.1. 
Table 3.1: PCA Analysis of outdoor VOCs 
Factor sources Major compounds Comments/References 
1 Petrol Vehicle 
Exhaust 
2- methyl hexane, 3-
methyl hexane, 
methylcyclohexane, 
heptanes, 2- methyl 
butane,  toluene 
(Liu et al., 2008a), (Han and Naeher 2006) 
reported similar compounds from petrol vehicle 
exhaust. 
2 Fuel evaporation 
(petrol and diesel) 
2- methyl pentane, 3- 
methyl pentane , 
hexane, pentane 
(Geng et al., 2010) suggested that  these alkanes 
are also emitted from fuel evaporation (petrol, 
LPG/NG and diesel). (Morikawa et al., 1998) 
reported  pentane as a tracer of petrol evaporation. 
3 Industrial sources  xylenes(m,-p-
,xylene),benzene 
benzaldehyde 
(Liu et al., 2008b), (Guo et al., 2004a) reported 
similar  results  in their research. 
4 Solvent usage o-xylene (Guo et al., 2004a) found that o- xylene is one of 
the constituents of paints and have also been 
associated with solvent use. 
5 Photochemical 
process  
Acetone (Atkinson 2000, Vlasenko et al., 2009) mentioned 
that acetone is released as a secondary product  
and has a long residence time in atmosphere. 
The contribution from each of the outdoor sources is described in section 3.4 while the 
detailed descripton of each factors are included in D1 of supplementary information.  
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3.3.4.2 Indoor VOCs 
 
PCA was applied to indoor VOC data in the same way as the outdoor data. Twenty 
two out of the 60 measured VOCs were selected for the PCA analysis. Seven components 
were extracted from the application of PCA to the indoor data (Table 3.S6). Again, Kaiser’s 
criteria were adopted to identify the appropriate number of factors to be retained (with only 
factors having eigenvalues >1 retained) (Kaiser 1958).Altogether seven factors, representing 
seven different source categories, were identified, namely: 1. Outdoor traffic emissions; 2. 
Off-gassing of building materials and stationaries; 3. Decorating materials and computers, 
printers; 4.Personal care products; 5. Art and craft activities; 6. air fresheners; and 7. 
Cleaning products. All of these factors explained 88% of total data variance. 
The characteristics of the seven source categories obtained from the indoor dataset are 
summarized in Table 3.2. 
Table 3.2: PCA analysis of indoor VOCs 
Factor Sources Major compounds Comments/References 
1 Outdoor 
Traffic 
Emissions 
2- methyl butane, 2- methyl 
pentane, 3- methyl pentane, 
hexane, 3- methyl hexane, 
heptanes, toluene 
The outdoor concentrations of these 
compounds were much higher than 
indoor and the I/O ratio for these 
compounds varied from 0.1-0.5, so they 
could have penetrated inside from 
outdoor air. 
2 Off- gassing of 
building 
materials and 
stationaries 
α- pinene, benzaldehyde, m-, 
p-,o-xylene,  
 (Weisel et al., 2005, Hodgson et al., 
2000) reported the emission of α- 
pinene from plywood. DSEWPC, 2001 
mentioned xylenes as a major solvent in 
pens/inks and coatings 
3 Decorating 
materials and 
computers, 
printers 
2-ethyl 1-hexanol, phenol,n-
nonanal, styrene 
Edwards et al., 2001) reported a similar 
result in their study of VOCs in Finland. 
(Kagi et al., 2007) reported that styrene 
is produced indoor air from printers, 
computers 
4 Personal care 
products 
Acetone, siloxane (Bernstein et al., 2008) reported that 
siloxanes are widely used in personal 
care products. Acetone is also used as 
one of the ingredients in such products. 
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5 Art and craft 
activities 
Acetic acid (Colak and Colakoglu 2004) found that 
wood based materials elevated the 
level of acetic acid. 
6 Air fresheners  Decanal (Pluschke 2004, Fukuda et al., 2010) 
reported decanal as one of the 
compounds in air fresheners. 
7 Cleaning 
products 
Limonene (Nazaroff and Weschler 2004) reported 
limonene as an active ingredient in 
cleaning products. 
 
  The source contribution from each factor is mentioned in the following section while 
the detailed description of these indoor sources is included in D2 of the Supplementary 
Information. 
The main purpose of the PCA was to reduce the number of inter- related variables in 
the original data to fewer number of factors, which are orthogonal to each other. The first 
factor accounts for the highest variability in the data and subsequent factors account for 
progressively less amount of data variance. As it is a qualitative analysis, it provides the 
variance and pattern in the data set but the results of it cannot be used directly for source 
contribution. For e.g. 29% of the data variance was explained by the first factor i.e. outdoor 
traffic emissions in indoor VOC, but that doesn’t mean that it will have a comparable 
contribution to the indoor VOC concentration. High variance was due to the big differences 
in the concentration values of the VOCs associated with factor 1. 
Therefore, the results of PCA were subjected to a receptor modeling approach 
Absolute Principal Component Scores (APCS) that is based on multiple linear regressions 
which gives the quantitative estimates of source contributions and profiles associated with 
each factor by calculating absolute principal component scores and then regressing the total 
VOCs concentrations on these scores (Thurston and Spengler 1985). 
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3.3.5 Source Contribution  
 
                    
Figure 3.4: Source contribution of each source to the total VOCs concentrations indoor and 
outdoor        
The mass contribution of each source to the total ambient VOCs concentration in 
indoor and outdoor air was estimated as shown in Figure 4. It was found that 41% of indoor 
VOCs concentrations in schools were attributed to the cleaning products followed by air 
fresheners (23%) and art and craft activities (21%) while the rest were caused by personal 
care products (5%), (most likely sunscreen, body powder/lotion, shampoo, hair oil), 
decorating materials and computers, printers (5%), offgasing of building materials and 
stationeries (3%) and outdoor traffic emissions (2%). The highest contribution of cleaning 
products and air fresheners was likely due to the fact  cleaning of the classrooms and 
materials inside is the important and regular (twice a day) activity in schools that aims to 
promote hygiene and preserving materials. The level of limonene was found below the 
reference value of 450 μg/m3 (JRC, 2005) for schools, therefore the cleaning products 
themselves are not expected to be a significant health risk. However, secondary organic 
aerosols may be formed by the reaction of limonene, with the hazard they create unknown. 
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About 70% of outdoor VOCs concentrations were attributed to traffic i.e petrol 
vehicle exhaust and fuel evaporation. Other sources such as industrial source, solvent usage 
and photochemical process contributed 26%, <1% and 3% respectively. (Guo et al., 2004a) 
also found the highest contribution from vehicle emissions and gasoline evaporation in their 
studies. 
3.4. Conclusions 
 
Based on the findings reported, this study was able to provide answers to the 
following questions:  
(i) How do the VOC concentrations in these schools compare to schools elsewhere? 
 This study found that the trend of VOCs concentration was similar i.e. indoor concentrations 
were higher than outdoor, and the concentration levels were in general comparable to or 
higher than the limited number of studies reported in other countries. 
(ii) What modification of specific sources/activities would make the difference in indoor 
concentrations? 
Over 80% of indoor VOCs concentration was contributed from three sources including 
cleaning products, air fresheners and art and craft activities. Modifications on these sources 
such as (i) giving preference to natural products based cleaning agents (ii) stopping the use of 
airfreshners in classrooms and (iii) keeping drawing and painting products used in art and 
craft activities in a proper storage area/box separate from the classroom can reduce the indoor 
concentrations. 
 (iii) What measures can be taken with respect to the traffic impact? 
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The outdoor traffic was found to have very negligible contribution (2%) in indoor  VOCs 
concentrations but the contribution of 70% on outdoor was from traffic related sources, so 
providing drop off/pick up area as far as possible from buildings and stopping the engine of 
the vehicles while waiting can improve the situation outdoors. This is of importance, 
considering that children do spend a lot of time on outdoor school activities. When they are 
active, the inhalation rate increases and thus pollutant intakes. 
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Abstract 
 
In school environments, children are constantly exposed to mixtures of airborne 
substances, derived from a variety of sources, both in the classroom and in the school 
surroundings. It is important to evaluate the hazardous properties of these mixtures, in order 
to conduct risk assessments of their impact on children’s health. Within this context, through 
the application of a Maximum Cumulative Ratio approach, this study aimed to explore 
whether health risks due to indoor air mixtures are driven by a single substance or are due to 
cumulative exposure to various substances. This methodology requires knowledge of the 
concentration of substances in the air mixture, together with a health related weighting factor 
(i.e. reference concentration or lowest concentration of interest), which is necessary to 
calculate the Hazard Index. Maximum cumulative ratio and Hazard Index values were then 
used to categorise the mixtures into four groups, based on their hazard potential and 
therefore, appropriate risk management strategies. Air samples were collected from 
classrooms in 25 primary schools in Brisbane, Australia. Analysis was conducted based on 
the measured concentration of these substances in about 300 air samples. The results showed 
that in 92% of the schools, indoor air mixtures belonged to the ‘low concern’ group and 
therefore, they did not require any further assessment. In the remaining schools, toxicity was 
mainly governed by a single substance, with a very small number of schools having a 
multiple substance mix which required a combined risk assessment. The proposed approach 
enables the identification of such schools and thus, aides in the efficient health risk 
management of pollution emissions and air quality in the school environment. 
Keywords 
 
Indoor air mixtures, risk assessment, Maximum Cumulative Ratio, Hazard Index, low 
concern group 
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4.1 Introduction 
 
Indoor air is known to contain a wide range of pollutants, including gases, vapours and 
particles derived from outdoor air entering the building, as well as from sources within the 
building. The latter includes building, furnishing and consumer products, as well as people 
and pets, and the combustion of fuel for cooking and heating (Crump et al. 2009). Exposure 
to airborne pollutants can result in adverse health effects. In terms of indoor exposure, 
schools are of particular concern because children spend a significant amount of time at 
school and are more susceptible to pollutants than adults. 
Humans are constantly exposed to multiple substances from multiple sources; however 
evaluation of their risk is usually done on a substance-by-substance basis, which can be seen 
in regulatory programs such as REACH (Registration, Evaluation, Authorisation and 
Restriction of Chemical Substances) in the European Union and TSCA (Toxic Substances 
Control Act) in the United States. The consideration of cumulative risks (defined as the risk 
caused by combined adverse health effects due to exposure to multiple chemical stressors via 
all relevant routes) (Meek et al. 2011, Sexton 2012) is rarely undertaken when determining 
human health effects. However, it has been asserted that the determination of risk on a single 
chemical basis could underestimate the combined risk of mixtures (EC 2009). 
Until now, the majority of indoor air risk assessment studies have focused on individual 
substance evaluation (Jantunen et al. 1998, JRC 2005, Sarigiannis et al. 2011). For the 
evaluation of volatile organic compounds mixture in indoor air, the TVOC-value (total 
volatile organic compounds) is frequently used (Mølhave et al. 1997). However, TVOC is a 
hygiene-based screening parameter, which does not imply any health risk assessment 
(Salthammer 2011). A recent application of statistical methods for the evaluation of mixture 
effects, which included indoor and outdoor studies (Billionnet et al. 2012) highlighted the 
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necessity of a multi-substance approach. Despite recent scientific developments and the need 
for a multiple substance pattern at both a scientific and regulatory level, there are currently a 
lack of practical tools for the evaluation of health effects associated with co-exposure to 
multiple substances, and in particular, the application of such tools in studies on indoor air of 
classrooms (SCHER 2007, Johns et al. 2012). The Maximum Cumulative ratio (MCR) 
approach, which is an extension of the Hazard Index (HI), has been used as a screening tool 
for evaluating mixture toxicity (Meek et al. 2011, Price and Han 2011, Sarigiannis and 
Hansen 2012). In addition, MCR is also a tool for investigating the magnitude of the toxicity 
that could potentially be missed if a cumulative risk assessment is not performed. 
As described by (Price et al. 2012), MCR and HI can be used to classify exposure to a 
mixture according to the following four groups, based on the CEFIC-MIAT (Mixtures 
Industry Ad-hoc Team) decision tree, where each group requires a different risk management 
strategy: 
 Group I: single substance concern 
 Group II: low concern 
 Group IIIA: concern for combined effect dominated by one substance 
 Group IIIB: concern for combined effect by several substances 
Details of these four groups, as defined by Price et al. 2012, are described in Table 4.S1 
of the supplementary information. 
The MCR methodology has been used in different studies for assessment of the health 
risk of environmental mixtures, such as mixtures of: plant protection products in surface 
waters; substances in groundwater wells (Price and Han 2011); substances in surface waters 
and waste water treatment effluents (Price et al. 2012); and cumulative exposures to multiple 
dioxin-like substances (Price et al. 2012). But there are very few studies on air mixtures using 
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MCR approach. Crump et al (Crump et al. 2013) reviewed the existing European IAQ dataset 
using MCR, while de Brouwere (De Brouwere et al. 2014) used this method in residential 
indoor air, including schools, as a small part of their larger study. However, the methodology 
has not been applied for assessing the exposure of children to indoor air mixtures by 
comprehensively focusing on each school and individual mixture of substances, which has 
been addressed in our study. 
Considering the health risks associated with children’s exposure to multiple airborne 
substances from multiple sources in school classrooms, the aim of this study was to evaluate 
the individual mixtures to which children are exposed by the application of MCR. The main 
objectives of the study were to: (a) identify the number and type of substances in indoor air in 
classrooms; (b) quantify the HI and MCR value for each substance in the mixture; (c) classify 
the mixtures into groups in order to identify the type of risk assessment to be done for the 
mixtures in those groups; and (d) derive broader conclusions. 
4.2 Experimental Section/Materials and Methods 
 
4.2.1 Data Collection 
 
The indoor air data used for the calculation of MCR were collected from 25 randomly 
selected schools in Brisbane, coded as S01 to S25. All monitored indoor volatile organic 
compounds (VOCs) as mentioned in (Mishra et al. 2014) and carbonyls were considered in 
the MCR calculations. The field measurements were conducted from October 2010 until 
August 2012, as a part of larger project called “The Effect of Ultrafine Particles from Traffic 
Emissions on Children’s Health (UPTECH),” which seeks to determine the effect of exposure 
to traffic generated ultrafine particles and organic pollutants in schools. The complete study 
design is available online (http://www.ilaqh.qut.edu.au/Misc/UPTECH%20Home.htm. One 
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classroom at each school was selected as the sampling site. VOC samples were collected by a 
portable VOC pump (flow rate 150ml/min) in stainless steel desorption tubes (Perkin Elmer) 
filled with Tenax TA (coarse grained and fine grained). At each school 5 samples per day, 
including one field blank, were collected for 2 days, with a total of 10 indoor samples 
collected at each school. Each tube was sampled for 40 minutes. Laboratory analysis of all 
sorbent tubes was performed via thermal desorption/gas chromatography, coupled with mass 
spectrometry (TD-GC/MS) at Fraunhofer WKI, Braunschweig, Germany. In all cases the 
limit of detection was < 1 μg m-3. 
Carbonyls were collected using a SKC pump, through commercially available DNPH 
cartridges, at the flow rate of 2 l/min for 40 minutes at each sampling sites. At each school, 
two samples per day were collected for 2 continuous days, with a total of 4 samples collected 
at each school. The cartridges were extracted and analysed for 13 carbonyl compounds using 
High Performance Liquid Chromatography (HPLC). A Reversed Phase C18 (250mm × 
4.6mm × 4 micron) column was used as stationary phase, while acetonitrile was used as the 
mobile phase, with a flow rate of 1 ml/min using the gradient analysis (7 min: 60% ACN- 
40% H2O; 20 min: 100% ACN at 360 nm UV).  
4.2.2 Reference Values for Individual Substances 
 
Health based Reference Values (RVs) are generally used to assess a threshold level 
below which an individual is believed to be protected against the chronic non-carcinogenic 
effects of a particular substance. Other terms used for such values are reference doses (RfDs), 
permitted doses (PDs), acceptable daily intakes (ADIs), population adjusted doses (PADs) 
and minimal risk levels (MRLs). The World Health Organisation (WHO) and other national 
and state agencies, including the United States Environmental Protection Agency (USEPA) 
and the Agency for Toxic Substances and Disease Registry (ATSDR) have set their own RVs 
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for substances on different basis, which cannot be used together. For this work, the Lowest 
Concentrations of Interest (LCI values) were applied, as introduced by the European 
Collaborative Action (1997) for the health-related evaluation of VOC emissions from 
building products. The LCI-concept has been adopted by the German Committee for Health-
Related Evaluation of Building Products (AGBB 2012) and the AFSSET (AFSSET 2009) 
was recently been reviewed by the ECA (ECA 2013). LCIs are health-based values and are 
used to evaluate emissions from a single product during a laboratory test chamber procedure. 
They are expressed in µg/m³. It is important to point out that LCI-values are not derived as 
RVs. However, they can be used as weighting factors for the evaluation of mixtures in 
residential indoor air by the MCR method (De Brouwere et al. 2014). LCI-values originate 
from analogous procedures and provide the most comprehensive dataset currently available. 
For the compounds being relevant for this study, most LCIs were taken from ‘AgBB 
Committee for Health-Related Evaluation of Building Products’ report (AgBB 2012). For 
carbonyls, CLI (Concentration Limite d’Intérêt) values from (AFSSET 2009) were applied, 
as the reference values for 9 carbonyls (out of 13 in this study) were only available from this 
source.  
At this stage, the (AgBB 2012) and (AFSSET 2009) reports only consider VOCs as 
defined by ISO (ISO 16000-6, 2011). This involves organic compounds, sampled on Tenax 
TA, which elute from a non-polar or slightly polar gas chromatographic separation column 
between and including n- hexane (C6) and n–hexadecane (C16). VOCs which do not have an 
LCI are classified as “non-assessable”. Currently no sharp definition for very volatile organic 
compounds (VVOCs) is available (Salthammer 2014). AFSSET (AFSSET 2009) and the 
ECA (ECA 2013) have already defined LCIs for a limited number of VVOCs and it is stated 
in (ECA 2013) that this group will be addressed in the future. 
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4.2.3 MCR Calculation/Statistical Analysis 
 
The calculation of MCR values was based on the approach described by Price and 
Han (Price and Han 2011). According to the authors, by using the hazard quotients (HQs) for 
each substance present in a mixture and the hazard index (HI) of the mixture, the value of 
MCR for an individual exposed to a mixture of substances in an environmental media can be 
calculated by: 
HQi = Ci/RVi 
HI = ∑ HQi 
MCR= HI/max HQi 
where , HQi= Hazard Quotient of the i
th
 substance in the mixture 
Ci = the concentration of the i
th
 substance in the media to which an individual is 
exposed 
  RVi = health based reference value of a substance i (expressed as a concentration) 
 HI = Hazard Index of the mixture 
The MCR of an individual’s exposure to the mixture is the ratio of the HI of the 
mixture to the maximum hazard quotients of the individual components (max HQi). The 
theory of MCR for toxicity estimation is based on a dose additive model, which includes a 
simple conservative screening approach without considering the mode of action and target 
organs (i.e. all substances in the mixture are considered to act on same target organ with the 
same mode of action). The concept of MCR was first applied by Könemann (Könemann 
1981) in the field of aquatic toxicology, where he used this ratio as a part of a quantitative 
strategy for the determination of the combined action of chemical mixtures on fish. The 
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author noted that the MCR value for an individual was bounded by 1 and n (n = number of 
analysed substances in the mixture). If the ratio had a value close to 1, it meant that one 
substance was responsible for nearly all of the toxicity of the mixture, while a value of n 
indicated equal toxicities of all substances in a mixture. 
MCR values were calculated for the identified compounds from the mixture using the 
available reference values. Concentrations below the detection limit were replaced by half of 
the limit of detection. For some substances (VOCs and VVOCs) it was not possible to 
calculate MCR because of the unavailability of the reference values for these compounds 
from the same source. The concentrations of most of the substances identified in this study, 
both with and without reference values, are provided in Table 4.S2 and 4.S3, respectively, in 
Supplementary Information. A scatter plot was used to investigate the relationship between 
MCR and HI in each school. MCR calculations were done using Microsoft Excel 2007 and 
non-parametric correlations between HI and MCR were performed according to Spearman’s 
correlation in SPSS. 
4.3 Results 
4.3.1 Sample and Data Description 
 
The entire data set included the results of 210 Tenax and 88 DNPH sample 
measurements. All concentration values were blank corrected. The composition of substances 
in all samples is given in Table 4.1. Altogether, 73 organic compounds (including 11 
carbonyls) were detected in air samples from classrooms in 25 schools.  
Table 4.1: The number of substances in the samples of 25 schools 
Detected substances VOCs from Tenax sampling 
(number of samples = 210) 
Carbonyls from DNPH sampling 
(number of samples = 88) 
maximum minimum average maximum  minimum  average 
35 3 14 9 2 5 
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Substances Below Limit of 
Detection (LoD) 
24 0 3 3 0 1 
 
4.3.2 Reference Values 
 
The reference values were identified for 9 carbonyls and all the VOCs except 
benzene. As far as carbonyls were concerned, no reference values were available for acetone, 
acrolein, p-tolualdehyde and methacrolein.  Reference values were also not available for a 
number of VVOCs including isopentane, pentane, dichloromethane, methylcyclopentane, 
1,1-dichloropentane, ethanol, propanol, butane and ethyl acetate.  Among them, acetone was 
the predominant substance in the mixture. Other substances, such as isoprene, carvone, 
menthol, methyl palmitate and benzoic acid had no reference values, but they were present 
very infrequently (< 3% of the samples). The organic compounds found in this study, 
together with their sources and reference values, as derived from LCIs, are listed in Table 4.2. 
 
Table 4.2: The organic substances identified in this study, their reference values (RVs) as derived from LCIs and 
the source codes. 
Substance RV 
1) 
(μg/m3) 
Source 
code 
2)
 
Substance RV 
1)
 
(μg/m3
) 
Source 
code 
2)
 
2-methyl hexane 15000 1 methylisobutylketone 830 1 
3-methyl hexane 15000 1 butanoic acid 370 1 
hexane 72 1 benzyl alcohol 440 1 
heptane 21000 1 butylacetate 4800 1 
toluene 1900 1 octamethylcyclotetrasiloxane 1200 1 
limonene 1500 1 phenol 10 1 
nonanal 1300 1 octanal 1100 1 
hexanal 890 1 octane 1500 1 
2-ethyl-1-hexanol 540 1 o-xylene 1500 1 
                                                          
1
 Please note that the RVs are in fact LCI- values (see text for details) 
2
 Source code: 1: (AGBB 2012) ; 2: (AFSSET 2009) 
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Ethylbenzene 4400 1 heptanal 1000 1 
m,p-xylene 2200 1 α-pinene 1500 1 
dodecamethylcyclohexasiloxane 1200 1 methylcyclohexane 8100 1 
Naphthalene 5 1 C10 (aliphatic hydrocarbon) 6000 1 
caprolactam 240 1 1-methoxy-2-propyl acetate 2700 1 
dodecamethylcyclopentasiloxane 1500 1 heptanoic acid 550 1 
C12 (aliphatic hydrocarbon) 6000 1 decanal 1400 1 
C13 (aliphatic hydrocarbon) 6000 1 formaldehyde 10 2 
C14 (aliphatic hydrocarbon) 6000 1 acetaldehyde 200 2 
octanoic acid 600 1 propionaldehyde 8 2 
acetophenone 490 1 crotonaldehyde 650 2 
C9 (aliphatic hydrocarbon) 6000 1 2- butanone 5000 2 
styrene 860 1 butanal 650 2 
cyclohexane 7000 1 benzaldehyde 90 2 
cyclohexanone 410 1 pentanal 1700 2 
β-pinene 1500 1    
 
4.3.2 MCR Calculation and Classification of Mixtures 
 
4.3.2.1 Overall MCR Results for VOCs in 25 Schools 
 
Figure 4.1 presents a scatter plot of MCR values versus HI for all of the indoor 
mixtures in 25 schools. There is significant decline of MCR values as HI values increase. In 
addition, there is a negative correlation (Spearman’s rho correlation coefficient -0.3, p value 
< 0.01) between MCR and HI across the data set.  
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Figure 4.1: Scatter plot of Maximum Cumulative Ratio and Hazard Index values for all 
mixtures (Spearman’s rho correlation coefficient = -0.3 and p <0.01). 
 
The overall result was calculated using all of the substances identified in each school, 
together with concentrations that were below the limit of detection. The MCR values of all 
mixtures ranged from 0.81 to 7.49, with a median of 1.71, whereas the values for HI ranged 
from 0.0007 to 3.75, with a median of 0.05. The maximum MCR value for an individual 
exposed to a mixture was bounded by “n”, the number of substances in a mixture. In our 
study, the MCR value was found to be small (maximum of 8 relative to n), which indicates 
that the toxicity of the mixtures was, in general, driven by only a few of the substances in the 
mixture.  
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Figure 4.2: Classification of all mixtures (each school) in 4 groups (I, II, IIIA, IIIB) 
There was not much variation in the classification of mixtures among the 25 schools, 
as can be seen in Figure 4.2. The mixtures in the majority of schools were situated in the low 
concern group (II), followed by the single substance concern group (I) and combined effects 
groups (IIIA and IIIB). On average, the majority (91%) of the indoor mixtures in all schools 
were in Group II, whereas less than 1% was in Group IIIB. Similarly, Group I and Group 
IIIA consisted of 7% and 1% of the mixtures, respectively. 
Individually, all of the mixtures from 23 schools (S01, S02, S04, S05, S07, S08, S09, 
S10, S12, S13, S14, S15, S16, S17, S18, S19, S20, S21, S22, S23, S24 and S25) fell into the 
low concern group (II), indicating a HI value less than 1. All of the observed concentrations 
were much lower than the reference values. Similarly, schools including S03 and S11 had the 
highest percentage of mixtures in Group I (i.e. single substance concern) and the substance 
which had a HQ greater than 1 in these schools was phenol. The concentration of phenol was 
above the reference value in these schools and this made the HI values greater than the 
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corresponding MCR values. In addition, S06 had some percentage of mixtures in group IIIA 
and IIIB, whereas none of the schools had their highest percentage in both of these groups.   
Such variation was mainly due to differences in the concentration of substances in the 
mixtures present, but it may have also result from other factors, such as the different type of 
substances identified, analytical performance and the selection of RVs.  
4.3.2.2 MCR Results under Different Conditions 
 
MCR values were again calculated in two different ways, in order to determine whether 
the approach used had any effect on the overall results (including all of the substances 
identified, replacing LoD value with half of limit of detection).  
 Case 1: excluding the substances with concentrations below the limit of detection 
 Case 2: calculation based on 7 most common substances (detected in more than 40% 
of the samples) namely: toluene, heptane, nonanal, decanal, 2 ethyl 1-hexanol, 
benzaldehyde and m,p-xylene 
Table 4.3 presents the values for HI and MCR for these two cases along with overall 
result. The removal of substances with concentrations below limit of detection resulted in 
some changes to the minimum values, with no significant impact on maximum and median 
values, which means there were very few VOCs below the limit of detection. In Case 2, both 
HI  and MCR values decreased significantly (HI: maximum value from 3.75 to 2.01, 
minimum from 0.0007 to 0.0002 and median from 0.05 to 0.03) compared to both the overall 
result, as well as Case 1, indicating that the lesser the number of substances in the mixture, 
the lower the HI values will be. 
Table 4.3: Values of HI and MCR for mixtures in case 1 and case 2 
Cases HI MCR 
 maximum minimum median maximum  minimum median 
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Overall 
result 
3.75 0.0007 0.05 7.49 0.81 1.71 
Case 1 3.75 0.0004 0.05 7.49 0.81 1.71 
Case 2 2.01 0.0002 0.03 6.85 0.73 1.37 
 
The average percentage of mixtures in each group for both cases are provided in 
Table 4.4, from which it can be seen that there was a similar percentage distribution of 
mixtures in each group, both with and without LoD values, whereas significant changes were 
observed for Case 2. Using MCR values for only the 7 most common substances (Case 2) 
caused the average percentage of mixtures in the: single substance concern group (I) to 
decrease from 7.5% to 0.5 %; low concern group (II) to increase from 91 to 99%; and 
concern for combined effects groups to decrease by half percentage for IIIA and IIIB. 
The scatter plots showing the correlation between MCR and HI values for case 1 and 
2 are included in Figures 4.S1 and 4.S2 of the Supplementary Information.  
Table 4.4: Classification of mixture based on HI and MCR values 
Cases Average % of mixtures in each group from 25 schools 
 Group I Group II Group IIIA Group IIIB 
Overall result 7.5 91 1 0.5 
Case 1 7.0 91.5 1 0.5 
Case 2 0.5 99 0.5 0 
 
From Table 4.4, it can be concluded that the inclusion of substances below the limit of 
detection of the sampling instruments did not make any difference to the distribution of 
mixture. However, addressing only the common substances saw a significant number of 
moves into the low concern group, for which no further risk assessment is necessary. 
4.3.2.3 MCR Results for Carbonyls in 25 Schools 
 
The distribution of carbonyl mixtures in each of the 25 schools is presented in Figure 
3. 
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Figure 4.3: Classification of all carbonyl mixtures (in %) each school 
It can be seen that all of the mixtures in 12 schools fell into low concern group (Group 
II) and there were three schools with 100% of mixtures in Group I (concern for single 
substance). Only 2 schools (S03, S04) had some percentage of mixtures that fell into Group 
IIIA (concern for combined effect dominated by one substance). There were no mixtures in 
any of the schools belonging to Group IIIB (combined effect by several substances), which 
indicates that there was no need to perform further risk assessments for cumulative effect. On 
average, 30%, 67% and 3% of mixtures were classified in Group I, Group II and Group IIIA, 
respectively. 
Acetone was found to be the most dominant substance in all of the mixtures, but it 
was not included in the calculation because of unavailability of the reference value. 
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Acetaldehyde and benzaldehyde were other common carbonyls identified in the mixtures. 
Almost 50% of the schools contained mixtures with only two or three carbonyls.  
4.4 Discussion  
 
The results show a variation in the distribution of mixtures among the 25 schools, 
with the largest group of mixtures found in the low concern group (Group II), followed by the 
combined effect groups (Group IIIA and IIIB) and the single substance concern group (Group 
I). A maximum percentage of mixtures in the low concern group were also found by de 
Brouwere (De Brouwere et al. 2014) in Flemish schools.  
When MCR was applied, the mixtures with the largest HI values were classified in the 
single substance concern group, where the HQ of at least one substance exceeded 1 (i.e. the 
observed concentration was higher than the reference values). In this case a chemical-by-
chemical approach is necessary, in order to assess where risk management strategies should 
be focused (i.e. on the substance corresponding to the maximum HQ >1). 
The pattern of combined risk observed in this study was also found in two other 
studies, one conducted by (Price and Han 2011) for water samples and the other conducted by 
de Brouwere (De Brouwere et al. 2014) for indoor air samples. A low variability in the 
proportion of mixtures of concern for combined effects (Group IIIA and IIIB of MCR 
methodology) was observed among different schools in our study. The percentage of 
mixtures in these groups of concern for combined effect varied from 12.5 % to 25%.  In this 
case, a chemical-by-chemical approach would not be appropriate and there is a need for 
further investigation of such combined effects. When there is a concern for combined effect 
dominated by one substance (group IIIA), risk management can be focused on the substance 
with maximum HQ (HQmax <1). 
 95 
 
However, by using MCR as a screening tool, the process of performing combined risk 
assessments can be limited to those mixtures which are identified as a concern for combined 
effect dominated by several substances (Group IIIB). This is because, according to Price and 
Han (Price and Han 2011), the MCR methodology estimates toxicity by using the chronic 
health based reference values, without considering the mode of action or commonality of end 
points. It is based on a dose addition model, which uses the simple conservative assumption 
that all substances present in the mixture could provoke the same end point with the same 
mode of action. Therefore, MCR can act as only a screening tool in order to identify the 
mixtures which are a potential concern for toxicity by several substances. 
For the evaluation of cumulative exposure, the WHO has developed a tiered approach, 
where the dose addition model is classified as a WHO Tier 1 assessment, and therefore, 
Group IIIB mixtures (value of HI >1 but HQmax <1) would require a higher tier cumulative 
risk assessment (Tier 2 and Tier 3), where full exposure assessments and more focused 
toxicity assumptions would be used. The first step in the higher tier combined risk assessment 
(Tier 2) would involve refining hazard characterisation by considering communalities in 
health endpoints or target organs, as suggested by Meek (Meek et al. 2011), and then 
replacing the generic HI values by endpoint or target organ specific HI values. In other 
words, a situation can be assumed where substances affect different target organs with an 
independent mode of action and target organ-specific HI are used instead of summing up all 
HQs. In addition to this, Tier 3 risk assessment incorporates increasingly refined information 
on mode of action, including both kinetic and dynamic aspects, as well as additional 
information on the potency of individual substances for the common effect, using the point of 
departure instead of RV (Meek et al. 2011). 
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4.5 Conclusion 
 
This study found that toxicities in indoor air mixtures were dominated by a small 
number of substances compared to the number of substances detected in the mixture, and also 
that the mixtures of higher toxicity were usually governed by a single substance. It also 
demonstrated that MCR is a useful tool for identifying whether indoor mixtures require single 
substance assessment, further risk assessment of combined exposure or no further risk 
assessment at all. Overall, more than 90% of the mixtures belonged to the low concern group, 
indicating a low health risk to children and requiring no further risk assessment. For the 
mixtures belonging to Group I and IIIA, whose toxicity were governed by single substances, 
a focused risk assessment on that particular substance in the mixture can be done in number 
of ways by: (a) finding and controlling the source/s of the substance in the classrooms; (b) 
identifying how toxic the substance is, together with its associated health risk; and (c) 
ascertaining how to reduce exposure to the substance. For the mixtures belonging to IIIB, 
where the toxicity was due to the combined effect of several substances, a higher level risk 
assessment and management plan is required to address the different aspects of multiple 
substances, including exposure, toxicology, epidemiology and modelling and risk assessment.  
MCR is a highly promising approach, however, as pointed out by earlier de Brouwere 
(De Brouwere et al. 2014), this concept requires a comprehensive list of target compounds 
and reference values. It is of great importance that the derivation procedure for these 
reference values is harmonized. Moreover, future evaluation concepts for IAQ should 
consider VVOCs to a greater extend (Salthammer 2014).   
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Abstract 
 
Polycyclic Aromatic Hydrocarbons (PAHs) represent a major class of toxic pollutants 
because of their carcinogenic and mutagenic characteristics. People living in urban areas are 
regularly exposed to PAHs because of abundance of their emission sources. Within this 
context, this study aimed to: (i) identify and quantify the levels of ambient PAHs in an urban 
environment; (ii) evaluate their toxicity; and (iii) identify their sources as well as the 
contribution of specific sources to measured concentrations. Sixteen PAHs were identified 
and quantified in air samples collected from Brisbane. Principal Component Analysis – 
Absolute Principal Component Scores (PCA- APCS) was used in order to conduct source 
apportionment of the measured PAHs. Vehicular emissions, natural gas combustion, petrol 
emissions and evaporative/unburned fuel were the  sources identified; contributing 56%, 
21%, 15% and 8% of the total PAHs emissions, respectively, all of which need to be 
considered for any pollution control measures  implemented in urban areas. 
 
Keywords 
 
PAHs, urban air, toxicity, diagnostic ratios, source apportionment, traffic emissions 
5.1 Introduction 
 
Polycyclic Aromatic Hydrocarbons (PAHs) constitute a major group of organic 
pollutants that are widely spread in the environment. PAHs enter into the environment 
through a number of sources, especially combustion processes, such as wood burning, motor 
vehicle exhaust, cigarette smoking, cooking and agricultural waste burning (Ong et al. 2007). 
During the 1980s, stationary sources accounted for about 80-90% of global PAH emissions; 
however mobile sources have gradually become the predominant contributor of ambient 
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PAHs in urban and suburban areas, resulting in consistently higher PAH concentrations in 
those areas (Chiang et al. 2003, Hanedar et al. 2011). It has been demonstrated that PAHs are 
of particular concern to human health, mainly due to their carcinogenic and mutagenic 
properties (Ravindra et al. 2006). The International Agency for Research on Cancer (IARC) 
has classified benzo(a) pyrene as group 1 carcinogen , benz(a) anthracene and dibenz(a, h) 
anthracene as probable (2A) human carcinogens, and benzo(b) fluoranthene, indeno(1,2,3-cd) 
pyrene, naphthalene and benzo(k) fluoranthene as possible (2B) human carcinogens, while all 
other PAHs are currently regarded as “not classifiable’ (Lim et al. 2007).  The definitions for 
2A and 2B carcinogens are included in the Supplementary Information (SI). The risks to 
human health make monitoring and identifying the sources of PAHs a top priority, especially 
in urban areas. 
A number of studies have been carried out globally, to help understand the sources of 
PAHs in ambient air. These studies pointed to cooking, vehicle emissions, miscellaneous 
combustion process, combustion of fuels, fugitive emissions from oil residues, biogenic 
sources, unburned fuels, biomass burning, steel industry emissions, domestic heating from 
coal and firewood burning as sources of PAHs (Kavouras et al. 2001, Ong et al. 2007, Singh 
et al. 2008, Mari et al. 2010, Chan et al. 2011, Wickramasinghe et al. 2011). In most cases, 
the sources of these pollutants in ambient air were investigated in a qualitative way using 
univariate and multivariate analyses (Kavouras et al. 2001, Ong et al. 2007, Kim et al. 2012, 
Teixeira et al. 2012). Limited quantitative studies were undertaken to determine the source 
contribution, with many of the studies investigating the source apportionment of PAHs, based 
at one or two sites within a city (Kavouras et al. 2001, Park et al. 2011, Callén et al. 2013). 
However, conducting measurements at a number of locations around one urban area, for 
extended periods of time, would give a better representation of the spatial and temporal 
distribution PAHs, as well as their source profiles. Further to date, research has 
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predominantly been carried out in continental and semi-arid climates (Lee et al. 2004, Wan et 
al. 2006, Park et al. 2011, Callén et al. 2013, Ma et al. 2013), with only a handful of studies 
conducted in subtropical climates, where a large fraction of the population resides.  
Within this context, the current study aimed to: (i) identify and quantify the 
atmospheric level of PAHs: (ii) evaluate their toxicity; and (iii) identify their sources, as well 
as the contribution of specific sources to measured concentrations. 
5.2 Experimental Section 
 
5.2.1 Sampling Site 
 
The field measurements were conducted as part of a larger project called “The Effect 
of Ultrafine Particles from Traffic Emissions on Children’s Health (UPTECH),” which 
sought to determine the effect of exposure to traffic generated ultrafine particles and organic 
pollutants in schools. Therefore, schools were used as sampling sites for this study and they 
were randomly selected from suburbs within the Brisbane Metropolitan Area, coded as S01 to 
S25. The outdoor site was chosen in a central location within the school grounds, which was 
assumed to represent the air quality within the school as best as possible. The meteorological 
and traffic characteristics for each sampling site are described in detail elsewhere (Mishra et 
al. 2014). 
5.2.2 Sample Collection and Analytical Methods 
 
Ambient air sampling for PAHs was carried out from October 2010 to August 2012.  
The USEPA TO-13A Method (USEPA, 1999) was followed during sample collection and the 
analysis of PAH compounds. The samples were collected using a Scientific Kit Corporation 
(SKC) pump, through commercially available XAD-2 and glass fibres filters. The flow rate 
was set to 2 litres per minute. The measurements were taken at a height of 1.5 m from the 
 105 
 
ground and the sampling duration for one sample was four hours, from approximately 10 am 
until 2 pm. Sampling was performed for 4 working days in a week, during school hours, with 
a total of 4 samples and one field blank collected in each school. Once the sampling was 
completed, each tube was sealed with Teflon caps and the filters were kept in small petri 
dishes, both of which were wrapped in aluminium foil, transported to the laboratory and 
stored in a refrigerator at 4° C before being extracted. The extraction was done within 7 days 
after sample collection. 
Soxhlet Extraction was applied to extract samples, using a mixture of 1:1 dichloromethane 
and acetone as a solvent, for 18 hours. The volume of extracted solvent (160- 180ml) was 
treated in Rota vapour and in a water bath, at a temperature below 40 °C, after which the 
volume was reduced to about 5 ml and was then subjected to column clean-up process. Silica 
gel 60, sodium sulphate and dichloromethane were used during the clean-up process to 
remove any interfering compounds. After clean-up, a gentle stream of nitrogen was passed 
through the extract, in order to further reduce the volume to 1 ml which was used for analysis 
(Sharma et al., 2007). These extracts were analysed within a month. 
Samples were analysed for 16 PAHs, namely Naphthalene (NAP), Acenapthylene (ACY), 2-
Bromonapthalene (2-BNAP)), Acenapthene (ACE), Anthracene (ANT), Phenantherene 
(PHE), Fluoranthene (FLT), Flouorene (FL), Pyrene (PY), Benzo (a) anthracene (BaA), 
Benzo(a) pyrene (BaP), Benzo(b) fluoranthene (BbF), Chrysene (CHR), Dibenz(a, h) 
anthracene (DahA), Indeno(1,2,3-cd) pyrene (IcdP) and Benzo(g,h,i) perylene (BghiP). These 
PAHs were analysed by Gas Chromatography with Mass Spectrometry (GC- MS, 
Hephaestus, and Agilent HP 6890 GC- circa 2004). Injections were performed in splitless 
mode, with a helium flow rate of 1.2 ml/min, an injector temperature of 280° C and a 
temperature time programming of: 60°C, 1 min, increasing 25 °C/min until 150°C without 
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hold, increasing 15°C/min until 190 °C for 1 min, increasing 10 °C/min until 280 °C for 2 
mins and 6°C/min until 300 °C for 3 mins, with a total run time of 27.60 mins for a single 
sample.  PAH isomers were quantified using a set of 6 deuterated PAHs internal standards 
(Semivolatile Internal Standards Mix, 46955-U from Sigma –Aldrich). The identification and 
quantification of PAHs was done according to retention times and the internal standard 
method, relative to the closet eluting PAH surrogate. The standards (QTM PAH Mix 
containing 16 analytes from Sigma- Aldrich) were calibrated in five levels of concentration, 
ranging from 0.05 – 10 ug/ml. The correlation coefficients for the calibration curve for 
different PAHs were R
2
 > 0.99. Spiking of the samples collected into glass fibre filters and 
XAD- 2 tubes with d10- anthracene gave good recoveries of (93.5 ± 15) %. The Method 
Detection Limit (MDL) was determined by selecting the concentration slightly higher than 
the lowest concentration of the calibration standard line. This blank concentration was 
repeated several times (n= 7) to estimate the standard deviation. Then, the MDL was 
calculated as three times standard deviation. The MDL of the PAHs were between 0.02 – 0.6 
ng/m
3 
for BaP and NAP respectively. 
5.2.3 Data Analysis 
 
The median, maximum, minimum and 90
th
 percentile values for the ambient 
concentration of individual PAHs in each school were calculated using Microsoft Excel 2007. 
All of the concentration values were blank corrected. Air samples were inspected for the 
presence of individual compounds before applying PCA to the data. PAHs which were not 
present in 20% or less of the samples were not included in the analysis. Similarly, PAH 
concentration data from five sites (S06, S10, S16, S17 and S25) were not included in the 
analysis because of the unavailability of field blanks (due to loss and spillage). The missing 
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values and values below the detection limit were replaced by the geometric mean and half of 
the method detection limit, respectively. 
5.2.4 Toxic Equivalency Factor Approach 
 
The toxic equivalency factor (TEF) was used to evaluate the relative toxicity of 
individual chemical components sharing a common mechanism of action (Boström et al. 
2002). Toxicity associated with inhalation of PAHs is usually estimated on the basis of the 
Benzo(a) pyrene (BaP) concentration in the atmosphere. Generally, BaP is used as a marker 
compound in health risk studies, as it is responsible for 50% of the carcinogenic potential of 
PAHs and scientific studies have shown it to be sufficient for establishing a limit value (Petry 
et al. 1996). 
A number of reports have shown the development of a TEF classification scheme 
(Supplementary Information, Table 5.S1) that helps characterise the carcinogenic properties 
of PAH mixtures. Initially, the USEPA separated PAHs into two groups, being those 
containing carcinogenic and non-carcinogenic compounds. BaP was used as a reference 
compound and a TEF of 1.0 and zero were applied to all classified carcinogenic and non-
carcinogenic PAHs, respectively.  However, the available information indicated that other 
carcinogenic PAHs were less potent than BaP, and that the EPA approach led to an 
overestimation of the risk (USEPA 1984, Petry et al. 1996). Among the list of TEF schemes 
available, the one developed by Nisbet and LaGoy (Nisbet and LaGoy 1992) best reflects the 
state of toxic potency of each individual PAH, as it includes volatile PAHs, such as 
naphthalene, acenapthylene and acenapthene. In this study, the Nisbet and LaGoy (Nisbet and 
LaGoy 1992) approach was used to evaluate the toxicity of PAHs. Carcinogenic potency, in 
terms of the BaP equivalent for individual PAHs, can be calculated using the following 
equation: 
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 𝑇𝑜𝑡𝑎𝑙 𝐵𝑎𝑃 𝑒𝑞 =  ∑𝑖𝐶𝑖 × 𝑇𝐸𝐹𝑖 
where Ci and TEFi are the concentration and the corresponding TEF value for the individual 
PAH, respectively. 
5.2.5 Source Apportionment Techniques 
 
5.2.5.1 Diagnostic Ratios 
 
Diagnostic ratios (the ratio of defined pairs of individual compounds) are one of the 
qualitative approaches used to determine the different categories of PAH sources. Hence, a 
diagnostic ratios indicator (PAH molecular marker), which was based on PAH concentration, 
was used to distinguish between combustion and petroleum sources of PAHs (Yunker et al. 
2002, Hu et al. 2011). Although this requires less calculation, the method should be used with 
caution because it is often difficult to differentiate between some of the sources, including 
petrol and diesel emissions (Ravindra et al. 2006). The diagnostic ratios used as an indicator 
of PAHs in this study were the ratio of: (i) low molecular weight PAHs and high molecular 
weight PAHs; and (ii) BaA and Chr. 
5.2.5.2 Multivariate Receptor Modelling (PCA/APCS) 
 
Since diagnostic ratios only provide qualitative information about pollutant sources, 
receptor modelling techniques, including factor analysis, followed by multiple linear 
regressions (PCA/APCS) were used to quantify PAH sources in urban air. The major aim of 
receptor modelling is to identify the number of factors, the species profile of each source, and 
the amount of mass contributed by each factor to each individual sample. Basic assumptions 
for receptor models are that: (i) the concentration of a pollutant at the receptor for a given 
sample is the linear sum of products of the emission profile and contribution of sources; (ii) 
samples are well mixed chemicals from different sources; and (iii) the chemicals are 
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relatively stable during transport from the emission source to the receptor site (Park et al. 
2011). PCA is the most widely used tool in environmental science, because it not only 
reduces the number of variables, but in general, each factor extracted from PCA is associated 
with a source characterised by its most representative chemicals (PAHs).  
The data set used was a 77 × 9 matrix (sample number, number of compounds) and 
PCA with Varimax rotation was applied to PAH concentration values, in order to identify the 
PAH sources. Principal components with an eigenvalue > 0.5 were retained to facilitate 
source identification. Absolute Principal Component Score (APCS) was then used to quantify 
the source contribution. The detailed description of the PCA/APCS method is given by Guo 
et al. (2004). IBM SPSS (version 22) was used for the PCA /APCS analysis. 
5.3 Results and Discussion 
 
5.3.1 PAH Concentrations 
 
A boxplot of the concentration of total PAHs for four consecutive sampling days at 
each sampling sites is presented in Figure 1.  However, the sum of total PAHs  concentration 
for the whole sampling period ranged from 1.17 ± 0.41 ng/m
3
 to 38 ± 5.43 ng/m
3
, which is 
higher than the range (0.40-19.73 ng/m
3
) reported by Lim et al. (2005), for urban air samples 
collected in Brisbane at a limited number of four sites. The dominant PAHs in this study were 
NAP, FLT, BaA, CHY, BbF, IcdP and DahA. Some of the PAHs, including ACP, FLU, PHE, 
ANT, PY and BghiP, were below the detection limits in most of the samples, which is similar 
to the findings reported by Lim et al. (2005), where those compounds were also below the 
detection limit. Increasing numbers of vehicles over the last 10 years may have contributed to 
the higher concentrations of PAHs found in this study. It is also interesting to note that the 
PAH concentrations obtained in this study were similar to those reported by Wada et al. 
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(2001) in Nagasaki, Japan, which has a similar subtropical climate to Brisbane. A summary 
of the individual PAH concentrations are given in Table S2. 
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Figure 1: Boxplot of the concentration of total PAHs (ng/m
3
) at each sampling site 
5.3.2 Application of Toxic Equivalency Factor 
 
Table 1 presents the median concentrations for individual PAHs at each sampling site 
with its BaP equivalent. The total carcinogenic activity of PAHs found at the sampling sites 
was 0.18 ng/m
3
. The compound with highest BaP equivalent was DahA, contributing 72% of 
the total carcinogenic activity, followed by a BaP. Georgiadis and Kyrtopoulos (1999) noted 
that the range of airborne PAHs, and the examined exposure rates in various biomarker-based 
studies varied by several orders of magnitude. In their study, total PAH concentrations were 
within the range from 20 to 200 ng/m
3
, with BaP concentrations of 5 to 50 ng/m
3
 in urban 
areas. Hanedar et al. (2014) found a total BaP equivalency of 2.2 and 2.6 at two urban sites, 
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where BaP and DahA were found to contribute the highest carcinogenic activity. Fang et al. 
(2004) found a total BaP equivalency of 12.6 ng/m
3
 at one urban site, where BaP contributed 
about 50% of the total activity. Callén et al. (2013) reported that episodes involving a higher 
risk for human health, according to lifetime cancer risk, were favoured by higher 
contributions of the stationary and vehicular emissions. In this study, BaP equivalency results 
showed that the risk of DahA and BaP, which are markers of traffic emissions, made the 
greatest contribution to PAH exposure risk at urban sampling sites. As far as we know, there 
are no guidelines for TEQ based concentrations in terms of health risk; it would be difficult to 
predict any health risk related to these concentrations. 
Table 1: Median concentrations for individual PAHs with BaP equivalents 
 
Individual PAHs TEF values (Nisbet 
and LaGoy 1992) 
Median 
  conc (ng/m
3
) Median BaP eq. 
(ng/m
3
) 
Napthalene  0.001 1.15 0.0011 
Acenapthylene 0.001 0.11 0.0001 
Acenapthene 0.001 - - 
Fluorene 0.001 - - 
Phenanthrene 0.001 - - 
Anthracene 0.01 - - 
Fluoranthene 0.001 0.02 0.00002 
Pyrene 0.01 - - 
Benzo(a)anthracene 0.1 0.02 0.002 
Chrysene 0.01 0.3 0.003 
Benzo(b)fluoranthene 0.1 0.09 0.009 
Benzo(a)pyrene 1 0.02 0.02 
Indeno(1,2,3-c 
d)pyrene 
0.1 0.16 0.016 
Dibenz(a,h)anthracene 1 0.13 0.13 
Bezo(ghi)perylene 
total 
0.01 - 
 
- 
0.18 
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5.3.3 Diagnostic Ratio 
 
The PAH diagnostic ratios used in this paper include light molecular weight (LMW, 
2-3 ring) PAHs / heavy molecular weight (HMW, 4-6 rings) PAHs and BaA/Chr. Total PAH 
concentrations (both gaseous + particle phase) were used to calculate diagnostic ratios. 
According to the literature, an LMW/HMW <1 was indicative of pyrogenic sources, 
including incomplete combustion of fossil fuels or wood, and an LMW/HMW >1 was 
indicative of petrogenic sources, including spilt oil or petroleum products (Soclo et al. 2000).  
Based on the LMW/HMW ratio, it can be seen from Table 2 that the PAHs sampled were 
from both pyrogenic (combustion sources) and petrogenic (petroleum input) sources, with the 
majority of sites (14 out of 20) being petrogenic in origin.  
Table 2: Diagnostic ratios at sampling sites 
sites Diagnostic Ratio 
(LMW/HMW) 
origin Diagnostic ratio 
BaA (BaA/chr) 
origin 
S01 4.51 petrogenic 0.3 either petrogenic or 
pyrogenic 
S02 0.48 pyrogenic 0.4 combustion sources 
S03 3.18 petrogenic 0.71 combustion sources 
S04 1.13 petrogenic 0.71 combustion sources 
S05 0.44 pyrogenic n/a n/a 
S07 2.97 petrogenic 0.9 combustion sources 
S08 0.37 pyrogenic 1 n/a 
S09 3.88 petrogenic n/a n/a 
S11 1.59 petrogenic 0.89 combustion sources 
S12 0.71 pyrogenic 1 n/a 
S13 4.97 petrogenic 1 n/a 
S14 8.35 petrogenic 0.65 combustion sources 
S15 3.61 petrogenic 0.9 combustion sources 
S18 0.49 pyrogenic 0.9 combustion sources 
S19 0.50 pyrogenic 1 combustion sources 
S20 1.75 petrogenic 0.09 combustion sources 
S21 1.18 petrogenic 0.1 petrogenic 
S22 1.05 petrogenic n/a n/a 
S23 1.74 petrogenic n/a  
S24 1.61 petrogenic n/a  
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Diagnostic ratios for other PAHs have been widely used (Supplementary Table 5.S3) 
in order to identify the pyrogenic or petrogenic origin of PAHs in the urban environment 
(Yunker et al. 2002, Vasilakos et al. 2007, Brändli et al. 2008, Dvorská et al. 2011). Of these, 
the 4-ring PAH isomer indicator ratio BaA/(BaA+ Chr) ratio was used in this study, where a 
ratio >0.35 indicates combustion sources, <0.2 petrogenic sources and 0.2 < 0.35 either 
petrogenic or combustion sources (Yunker and Macdonald 1995, Soclo et al. 2000). The 
majority of BaA/(BaA + Chr) values in Table 2 were higher than 0.35, indicating that most of 
the sampled PAHs had combustion origins. Only one value was <0.2 and one value was 0.2 < 
0.35. 
Overall, the above PAH diagnostic ratios show a dominance of petrogenic and 
combustion sources of PAHs sampled in urban areas in our study, based on LMW/HMW and 
BaA/(BaA + Chr) ratios, respectively. 
5.3.4 PCA- APCS 
 
The PCA-APCS analysis identified four major sources of PAHs in the urban air in 
Brisbane, with a good correlation between the observed and calculated concentration values 
(R
2
 = 0.90, Figure 2). The variance and factor loadings of each source are summarised in 
Supplementary Table S4.  
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Figure 2: Plot of calculated vs observed concentration values 
Figure 3 shows that the first source, which explains approximately 20.94% of the total data 
variance, had strong (>0.7) positive loadings for fluoranthene (FLT), benz(a)anthracene 
(BaA) and benz(a)pyrene (BaP), which originate from petrol and diesel-related vehicle 
emissions (Duval and Friedlander 1981, Fang et al. 2004, Ravindra et al. 2006). Although 
distinguishing between the exhaust of petrol and diesel vehicles presents some challenges, a 
number of authors have reported that the BaA and BaP originating from vehicle sources can 
come from both petrol engines (Guo et al. 2003, Larsen and Baker 2003, Li et al. 2003, Lee 
et al. 2004), as well as diesel emissions (Harrison et al. 1996, Lee et al. 2004, Singh et al. 
2008, Wang et al. 2013, Yang et al. 2013). Therefore, BaP and BaA are considered important 
tracers for petrol and diesel emissions (Harkov and Greenberg 1985). This is also in 
accordance with the location of the sampling sites, as they all were in urban to semi urban 
areas, close to busy roads carrying a large number of vehicles per day. Therefore, this source 
was assigned as vehicular emissions.  
The contributions plot for Source 1 (Figure 4) shows that the largest contribution occurred for 
sampling sites S02 and S20. Both of these sites were very close to busy roads, which had the 
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highest traffic count during the sampling period, with an average of 1414 and 2081 vehicles 
per hour, respectively. This source also made the highest contribution (56%) to total PAH 
emissions, which was in accordance with previous studies for urban environments. 
Depending on the specifications of the sampling location, traffic was the major contributor in 
most of the source apportionment studies, where the sites were located in urban areas (Yang 
and Chen 2004, Sharma et al. 2007, Callén et al. 2013, Jang et al. 2013). 
The second source (see Figure 3) had a major loading of chrysene (0.82) and a moderate 
loading of benzo(b)fluranthene (0.6), explaining about 14.01% of the data variance. Chrysene 
was previously reported as characteristic of natural gas combustion (Kavouras et al. 2001, 
Lee et al. 2004, Callén et al. 2014). Natural gas is used as an alternative source of fuel in 
~50% of the 1,200 buses operating in the Brisbane Metropolitan Area, which are the most 
widely used means of public transportation in Brisbane (Brisbane City Council, 2014). The 
contributions plot for Source 2 (see Figure 4) shows that the largest contributor was site S02, 
which was at the intersection of two busy roads, with several bus stops nearby. Therefore, 
Chrysene was selected as the tracer of this source, which was assigned as natural gas 
combustion. 
The third source (see Figure 3) was predominantly composed of Indeno(123-cd)pyrene (IcdP) 
and dibenz(a)anthracene (DahA), explaining about 13.30% of the data variance. The loadings 
of heavy PAHs species (5-rings) were high for this factor and are representative of the profile 
of petrol emissions (Wang et al. 2009). Callen et al. (2014) reported that IcdP is also an 
indicator of PAHs from petrol combustion. In addition, many studies reported that diesel 
emissions showed higher loading for BbF and BkF (Khalili et al. 1995, Park et al. 2002, 
Motelay-Massei et al. 2007), which were not found in this study. This is in agreement with 
the fact that 80% of the vehicles in Brisbane run on petrol as a fuel (NIWA 2008) and given 
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that the percentage of light vehicles (run on petrol) at each of sampling sites were high 
compared to heavy vehicles. Therefore, this source was attributed to petrol emissions. 
Source 4 (see Figure 3) accounted for approximately 13.20% of the data variance and it had 
higher loadings of naphthalene and acenapthylene. This factor was dominated by lower 
molecular weight, 2-ring PAHs. Both naphthalene and acenapthylene are the more volatile 
PAHs and result from the evaporation of uncombusted petroleum during fuel handling and 
refuelling operations (Lee et al. 2004). Oil combustion is another potential contributor of this 
factor, as indicated by Harrison et al. (1996), who reported high loadings of the more volatile 
PAHs. Furthermore, Masclet et al. (1986) found that oil-fired power generation stations were 
characterised by 2-3 ring PAHs. Similarly, these two compounds were found in the same 
principal components factor, in the study conducted by Larsen and Baker (2003), who 
assigned the factor as oil. However, there were no power generation stations near the 
sampling sites in this study and therefore, this predominance of low molecular weight PAHs 
can be related to ground evaporation during warmer weather and/or unburned fuel (Khairy 
and Lohmann 2013). Based on the above and given that Brisbane has hot and humid summer; 
this factor was regarded as an evaporative/unburned petroleum source. 
The contributions plot for Source 4 (see Figure 4) shows that the areas of major contribution 
were around sites S04 and S24. Both of these sites were close to Brisbane Airport, where the 
evaporation of fuel from jet engines, as well as transportation vehicles during the loading and 
unloading of goods can be the source. 
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Figure 3: Source profiles of the atmospheric PAHs from PCA/APCS 
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Figure 4:  Estimated contributions (ng/m
3
) from each source category at the sampling sites 
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5.4 Conclusion 
 
Sixteen PAHs were identified and quantified in urban air samples taken from selected 
sampling sites in Brisbane. The total concentrations ranged from 1.17 to 38 ng/m
3
 for 16 
PAHs (∑ 16 PAHs), which was higher than previously reported for Brisbane. Dibenz 
(a,h)anthracene (DahA) was found to be the compound with the highest contribution to BaP 
equivalent toxicity. Comparisons using diagnostic ratios implied two types of origin 
(petrogenic and combustion) for PAH sources in the study area. The receptor model 
(PCA/APCS) was applied to the PAH data in order to better understand their emission 
characteristics and the relative contribution from each source. The analysis identified four 
emission sources for PAHs, namely: 1) vehicular emissions; 2) natural gas combustion; 3) 
petrol emissions; and 4) evaporative/unburned petroleum.  Source apportionment showed that 
vehicular emissions accounted for 56% of total PAH emissions in the study area. The largest 
observed contributions were from traffic related sources. Since the sampling sites in this 
study were schools, the following measures should be considered, in order to control the 
traffic sources in and around schools: (i) provide a drop off/pick up area outside the school 
premises; (ii) stop the engine of vehicles while waiting at the drop off/pick up area; and (iii) 
control local traffic by building safety islands. Overall, the findings of this study provide 
information on the emission sources of PAHs in urban areas and therefore, the outcomes are 
important in terms of controlling pollutant sources and improving environmental quality. 
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Chapter 6: Conclusions 
 
6.1 Research Summary and Outcomes 
 
VOCs, PAHs and carbonyls, originating from both natural and anthropogenic sources, 
can have significant adverse effects on the health of people and the environment. 
Understanding the characteristics, chemical composition and sources of these pollutants can 
help to mitigate their effects on climate and human health. This research has made a 
significant contribution to scientific knowledge in relation to the characterisation of three 
major groups of these pollutants, particularly in terms of their concentrations and source 
apportionment in urban atmospheric environments. 
The overall objective of this study was to determine VOCs, carbonyl and PAH levels, 
characterise their sources and apportion their contribution towards total emissions in ambient 
air in urban schools. The findings, based on an assessment of these three groups of pollutants, 
are summarised below: 
The concentrations of more than 70 VOCs, including VVOCs and SVOCs, were 
measured for both indoor (classroom) and outdoor (central location of the school) sites in 25 
schools in the Brisbane Metropolitan Area. Active sampling was done using sorbent tubes 
filled with Tenax TA for indoor air and carbotraps for outdoor air. The detected VOCs were 
classified into nine groups, based on their chemical structure, namely aliphatic hydrocarbons, 
aromatic hydrocarbons, aldehyde and ketones, terpenes, cyclo- aliphatics, alcohols, 
halogenated hydrocarbons, organic acid and esters. 
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The aliphatic hydrocarbons were observed to be the most abundant group of VOCs 
for both indoor and outdoor sites. However, evaluation of the detected VOCs showed that the 
presence of VOCs varied from one site to another, depending on the main source. The most 
common VOCs detected at the outdoor sampling sites were those characteristic of VOCs 
from traffic emissions, including isopentane, n-pentane, 2-methyl pentane, hexane, 2-methyl 
hexane, heptane, toluene, m,p-xylene, o- xylene and ethylbenzene. On the other hand, VOCs 
such as 2-ethyl 1-hexanol, limonene, toluene, benzaldehyde, nonanal, decanal, xylenes, acetic 
acid and acetone were mostly found in indoor environments and were associated with indoor 
sources. Toluene was found to be the most prevalent compound in both indoor and outdoor 
air samples.  
Indoor total VOCs were found to be higher than outdoor levels in the majority of 
schools. The geometric mean concentrations for indoor and outdoor total VOCs for all 
schools were 125μg/m3 and 71μg/m3, respectively, while the range for total VOCs was (8-
1070μg/m3) indoors and (3-826μg/m3) outdoors. The indoor outdoor ratio of TVOCs at each 
school was also determined and an I/O ratio >1 was found in nineteen schools, which implied 
the presence of dominant indoor sources. Only five schools had I/O ratios <1, which showed 
that outdoor VOC concentrations were higher than indoor concentrations and implied that 
outdoor sources made a dominant contribution.  
The evaluation of hazardous properties of air mixtures in classrooms was carried out 
in order to conduct risk assessments of their impact on children’s health using a Maximum 
Cumulative Ratio (MCR) approach. MCR requires knowledge of the concentration of 
substances in the air mixture, together with a health related weighting factor (i.e. reference 
concentration or lowest concentration of interest), which is necessary to calculate the Hazard 
Index. Maximum cumulative ratio and Hazard Index values were then used to categorise the 
mixtures into four groups, based on their hazard potential. The groups were: (i) Group I: 
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single substance concern; (ii) Group II: low concern; (iii) Group IIIA: concern for combined 
effect dominated by one substance and (iv) Group IIIB: concern for combined effect by 
several substances. Analysis was conducted based on the measured concentration of VOCs 
and carbonyls in the classrooms. The result showed that in 92% of schools, indoor air 
mixtures belonged to the ‘low concern’ group and therefore, they did not require any further 
assessment. In the remaining schools, toxicity was mainly governed by a single substance, 
with a very small number of schools having a multiple substance mix, which required a 
combined risk assessment. 
Similarly, evaluation of the toxicity of PAHs in the urban environment was carried 
out using a Toxicity Equivalency factor and it was found that DahA had the highest total 
carcinogenic activity among the detected PAHs. Both the gaseous and particle phase PAHs 
were collected using XAD-2 tubes and filters respectively. Therefore, PAHs in this study 
refers to the sum of all the gas and particle phase PAHs. 
Source apportionment of indoor and outdoor VOCs was carried out using factor 
analysis followed by multiple linear regression analysis. Altogether five factors were 
extracted for outdoor VOCs, which were assigned as 5 sources based on the published 
chemical compound profile and prior knowledge for VOCs species, namely: (i) Petrol vehicle 
exhaust; (ii) Fuel evaporation (petrol and diesel); (iii) Industrial sources; (iv)Solvent usage; 
and (v) Photochemical process. Similarly, seven sources were identified indoor air, which 
were: (i) Outdoor traffic emissions; (ii) Off-gassing of building materials and stationaries; 
(iii) Decorating materials and computers, printers; (iv) Personal care products; (v) Art and 
craft activities; (vi) Air fresheners; and (vii) Cleaning products. The results of factor analysis 
were subjected to multiple linear regressions in order to determine the contribution of each 
source on total VOCs emissions. The result showed that petrol vehicle exhaust was the 
highest contributing source by 47%, and in total, about 70% of outdoor VOCs concentrations 
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were attributed to traffic (i.e. petrol vehicle exhaust and fuel evaporation). It was found that 
41% of indoor VOC concentrations in classrooms were attributed to cleaning products, 
followed by air fresheners (23%) and art and craft activities (21%). Therefore, these findings 
point to the need for a range of basic precautions during the selection, use and storage of 
cleaning products and materials to reduce the risk from these sources in classrooms. 
Diagnostic ratios (LMW PAHs/HMW PAHs and BaA/(BaAa+ chr)) were used to 
identify the sources of PAH emissions. A general conclusion was reached based on the 
diagnostic ratios indicators that “petrogenic sources” and “combustion sources” were the 
dominant sources of PAHs in ambient air. The application of a PCA-APCS model identified 
four different sources of PAHs, with vehicular emissions as the largest contributor (56%), 
followed by natural gas combustion (21%), demonstrating the influence of traffic related 
activities at the sampling sites. 
While all of the measurements were conducted in schools, the results presented in this 
thesis have implications for other indoor and outdoor urban environments and thus, the 
relevance of this work is not limited to schools. 
6.2 Recommendations for Future Research 
 
Outcomes of this research also led to the identification of key areas that require further 
research: 
 Given the reported spatial variability of VOC, PAH and carbonyl concentrations, 
sampling and monitoring in more locations (one outdoor and one indoor in this study) 
and over the longer period of time should be considered, in order to substantiate the 
findings of this work and provide a more comprehensive assessment of spatial 
variation.  
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  Seasonal and temporal variation should also be investigated, as these could provide 
important information in the assessment of these pollutants. 
 Source apportionment identified traffic emissions as a major contributor to these 
pollutants and therefore, the relationship between traffic density, vehicle type and 
local traffic, including pick up/drop off at the sampling site, should be considered in 
future work. 
 The source apportionment technique, using diagnostic ratios and PCA-APCS models, 
may serve as a framework for future assessment of these groups of pollutants. 
Furthermore, results obtained from this receptor model can be compared or contrasted 
with other apportionment techniques, including Chemical Mass Balance and PMF. 
 Real time measurements of these organic compounds, particularly VOCs, should be 
carried out in order to see the contribution of organics to nucleation events. Therefore, 
longer online measurements of chemical composition in the same environment, using 
instruments with a lower detection limit are needed. In addition to this, real time data 
are important in order to determine the exposure of children to these pollutants. 
 Extended studies are required in other types of environmental settings, such as offices 
or residences because the results presented herein cannot be generalised to 
environments with different operating sources. It is also recommended that future 
source apportionment studies use a similar approach to that used in this study, so that 
the results will be comparable with each other and can aid in developing general 
guidelines to minimise pollution.  
This research was part of a larger study called UPTECH, which aimed to determine the effect 
of the exposure to airborne ultrafine particles and organic pollutants emitted from traffic on 
the health of children in schools. The results from this study will be incorporated with the 
findings from investigations of other measured air quality parameters. In addition to these air 
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quality parameters, cardiovascular and respiratory health testing was conducted on selected 
children at the schools. Therefore, the health data will be analysed together with air quality 
data, in order to determine the effects of long term exposure to traffic emissions on children’s 
health.  
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The schematic diagram including overall aims, methods and results of this thesis is presented 
in figure 6.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Outline of the overall aims, methods and results of this thesis  
Characterisation, toxicity and source apportionment of 
atmospheric organic pollutants in urban schools 
VOCs Carbonyls PAHs 
 Quantification of  concentrations 
level in outdoor location 
 Toxicity of PAHs using Toxic 
equivalency factor approach 
 PCA/APCS 
 Diagnostic ratios 
 Quantification of concentrations levels in indoor and 
outdoor locations 
 Chemical composition of pollutants 
 Indoor outdoor ratio 
 Source apportionment by PCA/APCS 
 Evaluation of indoor air mixtures in classrooms using 
MCR 
 
 
Paper 1 Paper 2 
Paper 3 
 Indoor VOCs 
concentration higher 
than outdoors in 
majority of the schools 
 I/O>1 in 19 schools 
 Petrol vehicle exhaust 
was the dominant 
source outdoor 
whereas cleaning 
products in indoor 
 
 
 
 
 
 
 More than 90% of the 
mixtures in indoor air 
belonged to low concern 
group, requiring no 
further risk assessment. 
 Few were governed by 
single substances and 
even less with multiple 
substances requiring 
combined risk assessment. 
 
 Nap. Flt, BaA, Chy, BbF, 
IcdP and DahA were the 
common PAHs. 
 DahA had the highest 
contribution of 72% to 
the total carcinogenic 
activity 
 Significant contribution 
from vehicle emissions  
was observed                                        
 
 
  
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Appendices 
 
Appendix A: Supplementary Information for Chapter 3 
Nitika Mishra, Jennifer Bartsch, Godwin A. Ayoko, Tunga Salthammer and Lidia Morawska 
Table 3.S1: Characteristics of each school 
School Environment No. of 
students 
Floor 
type 
Electric 
heating 
Size of 
classroom(m
2
) 
Ventilation 
S01 Close to 
seaside 
25 Carpeted No Not measured Windows/door 
S02 Close to busy 
roads 
27 Carpeted No Not measured Windows/door 
S03 City centre 24 Carpeted No Not measured Windows/door 
S04 close to busy 
roads 
20 Carpeted No 117.64 Windows/door 
S05 Close to busy 
roads 
22 Carpeted No 47 Windows/door 
S06 Close to busy 
roads 
23 Carpeted No 66 Windows/door 
S07 Close to busy 
road 
21 Carpeted No 40 Windows/door 
S08 Close to busy 
road 
18 Carpeted yes 120 Windows/door 
S09 Sub urban 22 Carpeted No 85 Windows/door 
S10 Sub urban 26 Carpeted No 40 Windows/door 
S11 Close to busy 
roads 
22 Carpeted No 125 Windows/door 
S12 Close to busy 
roads 
27 Carpeted No 95 Windows/door 
S13 Sub urban 26 Carpeted No 60 Windows/door 
S14 Sub urban 24 Carpeted No 70 Windows/door 
S15 Close to busy 
roads 
26 Carpeted No 80 Windows/door 
S16 Sub urban 23 Carpeted No 69 Windows/door 
S17 Close to busy 
roads 
29 Carpeted No 40 Windows/door 
S18 Sub urban 25 Carpeted No 120 Windows/door 
S19 Sub urban 25 Carpeted No 53 Windows/door 
S20 Close to busy 
road 
24 Carpeted No 110 Windows/door 
S21 Close to busy 
road 
22 Carpeted No 47 Windows/door 
S22 Sub urban 24 Carpeted No 120 Windows/door 
S23 City centre 24 Carpeted Yes 60 Windows/door 
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S24 Sub urban 26 Carpeted No 60 Windows/door 
S25 Sub urban 24 carpeted No 45 Windows/door 
 
 
Table 3.S2.  Thermal desorption GC/MS system 
Injector Automatic Thermal Desorption System TD 100, Markes Int. 
 
Carrier gas Helium 
Gas Chromatograph GC 7890; Agilent Technologies 
Column DB-5MS+DG (DG = DuraGuard), Agilent Technologies 
 Length / Diameter (Internal): 60 m / 0.25 mm 
 Film thickness: 0.25 µm 
 Properties: Non-Polar 
Detector Mass Selective Detector 5975; Agilent Technologies  
 
Table 3.S3: Meteorological and traffic characteristics for 25 schools 
School Temp(C) Humidity 
(%) 
Prominent 
wind 
direction 
Direction of 
main road 
Total traffic 
count(Vehicles/
hr) 
(7 am to 5 pm) 
      
S01 25.8 63.7 WSW South 282 
S02 23.5 58.3 South East East 1418 
S03 23.8 55.0 North East Southwest 529 
S04 26.2 60.0 East West 954 
S05 26.3 54.1 West South 1096 
S06 18.5 67.9 West East 486 
S07 16.5 55.6 South  Northeast 1756 
S08 16.3 61.7 West Northwest 1106 
S09 16.7 57.0 W/SW North 1948 
S10 18.6 60.1 East West 2054 
 134 
 
 
 
Table 3.S4: Composition of the compound in air samples 
GROUP COMPOUNDS 
Aliphatic Hydrocarbons 2 methyl butane, 2 methyl pentane, 3 methyl pentane, hexane, 2- 
methyl hexane, 3-methyl hexane, heptane, pentane , nonane, octane, 
C10, C11, C12, C13 
Aromatic Hydrocarbons toluene, benzene, m-,p- xylene, o- xylene, ethylbenzene, styrene 
Aldehydes and ketones decanal, nonanal, benzaldehyde, octanal, butanal, hexanal, acetone, 
acetophenone, cyclohexanone 
terpenes limonene, isoprene, α- pinene, β- pinene 
Cyclo- aliphatics Cyclohexane, methylcyclohexane, methylcyclopentane 
alcohols Ethanol, phenol, 2-ethyl 1- hexanol, 2 propanol, butanol, tert. 
butanol, 1,2- propendiol, isobutanol, nonanol 
S11 20.5 57.7 South East West 749 
S12 18.1 55.4 West South 318 
S13 23.9 56.8 South West 1054 
S14 24.4 62.9 South East East 264 
S15 28.2 48.5 North East West 1381 
S16 26.8 64.4 North North 89 
S17 22.3 59.9 South East East 1089 
S18 24.1 60.0 South East West 92 
S19 24.5 71.0 E/SE South 1609 
S20 22.8 67.4 South/SW East 2081 
S21 16.7 52.9 West West 264 
S22 17.7 50.2 West Northwest 685 
S23 17.5 54.1 South S/SE 1041 
S24 18.8 30.1 West North 262 
S25 19.0 56.6 South West S/SW 579 
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Halogenated hydrocarbon dichloromethane, 1,2- dichloroethane, 1,2- dichloropropane 
Organic acid acetic acid, benzoic acid, heptanoic acid, butanoic acid, octanoic acid 
ester carboxylic acid ester, ethyl acetate, butyl acetate, 2-ethyl hexyl 
acetate 
others siloxanes, menthol, caprolactum, eucalyptol, dibutyl ether, methyl 
palmitae, hexamethyl tetramine, dioctypthalate, estragol, acetonitrile, 
carvone, butylglycol, napthalene 
 
 
 S1: Boxplot for concentrations and I/O ratios for most common compounds
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Figure 3.S1: Geometric mean concentrations of predominant compounds in outdoor air 
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Figure 3.S2: Geometric mean concentrations of predominant compounds in indoor air 
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Figure 3.S3: Indoor/outdoor of the common compounds in air samples 
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Table 3.S5: PCA analysis of outdoor VOCs in schools 
 F1 F2 F3 F4 F5 
2-methyl butane 0.69     
2- methyl pentane  0.71    
3 -methylpentane  0.82    
hexane  0.95    
2- methyl hexane 0.99     
3- methyl hexane 0.96     
heptane 0.94     
methylcyclohexane 0.96     
toluene 0.93     
ethylbenzene      
m-,p- xylene   0.68   
o- xylene    0.85  
Benzene   0.85   
Benzaldehyde   0.60   
Acetone     0.90 
n- pentane  0.86    
% of variance 41.37% 17.46% 10.78% 8.12% 6.39 
Accumulative % 41.37% 58.84% 69.62% 77.75% 84.15% 
Source petrol 
vehicle 
exhaust 
fuel 
 evaporation 
Industrial 
sources 
Solvent 
usage 
Photochemical 
process 
Extraction Method: Principal Component Analysis. Rotation Method: Varimax rotation with 
Kaiser Normalisation. Rotation converged in 5 iterations. Only factor loadings >0.5 are 
presented. Bold font was used to highlight the main species in each factor (source). 
 
D1:  Description on Outdoor sources 
Factor 1 – Petrol Vehicle Exhaust: High factor loadings were found for light hydrocarbons, 
such as 2- methyl hexane, 3- methyl hexane, methylcyclohexane, heptanes and 2- methyl 
butane, along with toluene, which are indicative of emissions from cars with petrol engines. 
High concentrations of paraffin and toluene indicate a major contribution from petrol vehicle 
exhaust (Han and Naeher 2006, Liu et al., 2008a). This factor accounted for 41% of the data 
variance. 
Factor 2 - Fuel Evaporation (Petrol and Diesel): This factor accounted for high loadings of 
lighter pentane 2- methyl pentane, 3- methyl pentane, pentane and hexane. In addition to 
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petrol exhaust, C3-C6 alkanes are also emitted from fuel evaporation (petrol, LPG/NG and 
diesel) (Geng et al., 2010). n- Pentane is known to be a tracer of petrol evaporation 
(Morikawa et al., 1998). This factor accounted for 18% of the data variance.  
Factor 3 – Industrial sources: High loadings of xylenes (m-,p- xylene), benzene and 
benzaldehyde  indicated industries as a source of VOCs. It is of interest that benzene, a 
common tracer of vehicle exhaust, did not show any correlation with other traffic related 
compounds and therefore, is expected to come from a different source. Benzene has also been 
reported to be emitted from industrial sources, such as shoe factories, printing factories, 
chemical plants and furniture manufacturers (Guo et al., 2004a, Liu et al., 2008a, Liu et al., 
2008b). There were no large factories or any industrial activities close to the sampling site, so 
it points out to benzene from a longer distance as a source at these sites. This factor 
accounted for 11% of the data variance. 
Factor 4 – Solvent usage:. O- xylene  was present in this factor.This is one of the constituents 
of paints and have also been associated with solvent use (Guo et al., 2004a). In an urban area 
like Brisbane, new buildings and commercial facilities are being built all the time and the use 
of large amounts of paint could be an important source of VOCs. This factor accounted for 
8% of the data variance.  
 
Factor 5 –Photochemical process:  High loading of acetone was found in this factor. Acetone 
is produced in the atmosphere by photochemical processes involved in VOC formation. It is 
released as a secondary product of the oxidation of non-methane hydrocarbon (NHMC) and 
has a long residence time in atmosphere, of about one month (Atkinson 2000, Vlasenko et al., 
2009). This factor accounted for 6% of the data variance 
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Table 3.S6: PCA analysis for indoor VOCs in schools 
 F1 F2 F3 F4 F5 F6 F7 
2-methyl butane 0.78       
2- methylpentane 0.98       
3- methyl pentane 0.96       
hexane 0.61       
3- methyl hexane 0.97       
heptane 0.95       
methylcyclohexane        
toluene 0.95       
Benzaldehyde  0.91      
limonene       0.93 
 Nonanal   0.63     
2-ethyl 1- hexanol   0.90     
m,p – xylene  0.91      
acetic acid     0.85   
Siloxanes    0.78    
Phenol   0.77     
o- xylene  0.89      
α- pinene  0.94      
Acetone    0.56    
decanal      0.97  
Styrene   0.58     
% of variance 29.02 18.72 14.59 9.0 5.91 5.29 5.0 
Accumulative % 29.02 47.74 62.34 71.34 77.26 82.56 87.56 
Source Outdoor 
traffic 
emission 
Off- 
gassing of 
building 
materials 
and 
stationaries 
Decorating 
materials 
and 
computers, 
printers 
Personal 
care 
product 
Art and 
craft 
activities 
air 
fresheners 
Cleaning 
products 
Extraction Method: Principal Component Analysis. Rotation Method: Varimax rotation with 
Kaiser Normalisation. Rotation converged in 5 iterations. Only factor loadings >0.5 are 
presented. The bold font used highlights the main species in each factor (source). 
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D2: Description on Indoor sources 
Factor 1 - Outdoor Traffic Emissions: This factor showed high loadings of alkanes, such as 2-
methyl butane, 2- methyl pentane, 3- methyl pentane, hexane, 2- methyl hexane, 3- methyl 
hexane, heptane, methyl cyclohexane and toluene. It has been reported that the possible 
sources of aliphatics are building materials, building products and equipment, and outdoor air 
(Etkin, 1996; Health Canada, 1995). In this study, it was found that the outdoor concentration 
of these aliphatic hydrocarbons were much higher than indoor concentrations and the I/O 
ratios for these compounds varied from 0.1- 0.5, which is much less than 1. These VOCs 
could have penetrated inside from outdoor air at the time of measurements or they could have 
accumulated inside the classroom over a period of time. This indicates the dominant  
contribution from outdoor sources to the indoor concentration of these compounds. This 
factor accounted for 29% of the data variance. 
Factor 2 - Off-gassing of building materials and stationaries: High loadings were found for α- 
pinene, benzaldehyde, m-,p- ,o-xylene . Weisel et al., (2005) stated that α- pinene appeared to 
be primarily generated indoors, from sources such as the off-gassing of building materials. 
Hodgson et al. (2000) reported that α,β- pinene, formaldehyde) belonged to predominant 
VOCs emitted by plywood. m-,p-,o-xylenes  are widely used as  solvent, particularly in 
pens/inks and coatings (DSEWPC, 2001). Xylenes also result from the evaporation of paints 
used in indoor environments (Hodgson and Wooley, 1992). This factor accounted for 19% of 
the data variance. 
Factor 3 – Decorating materials and computer, printers:  2-ethyl 1- hexanol, phenol, nonanal, 
styrene were the compounds with ahigh loadings  in this factor. Literature on indoor 
emissions of these compounds was summarized concisely by Wolkoff (1995). 2- ethyl 1- 
hexanol is a reaction product  of vinyl and carpet glue probably from ethylhexylacrylate 
(Wolkoff, 1995). Edwards et al. (2001) reported a similar result in their study on the source 
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identification of VOCs in different microenvironments in Finland. It has been reported that 
styrene is produced in indoor air from equipment such as printers (Kagi et al., 2007), 
computers and photocopiers where as the  source of styrene from laser printers was found to 
be the toner and paper. This factor accounted for 15% of the data variance. 
Factor 4 – Personal care products:  This factor was dominated by siloxanes and acetone. 
Siloxanes are widely used in personal care products, including antiperspirants and deodorants 
(Bernstein et al., 2008).  Acetone is also used as one of the ingredients in such products. 
Sunscreen, hair oil/ shampoo, body powders are most likely to be used by children. This 
factor accounted for 9% of the data variance. 
Factor 5 - Art and craft activities:  Acetic acid was the dominant compound in this factor. 
Colak and Colakoglu (2004) reported that wood products and wood based materials were 
responsible for the elevated level of acetic acid.  Acetic acid is also used as in adhesive 
removers and paint thinner. Although these compounds can be released from other sources, 
paints and adhesives (paste or glue), as well as small wooden blocks, were used extensively 
in the art and craft activities conducted in the classrooms and therefore, it is reasonable to 
assign this factor to art and craft activities in this study. This factor accounted for 6% of the 
data variance. 
Factor 6 - Air fresheners:  decanal was the only compound in this factor.  It is found that  
decanal  is one of the   ingredients  used in air fresheners (Pluschke 2004, Fukuda et al., 
2010). This factor accounted for 5% of the data variance. 
Factor 7 - Cleaning products: Limonene is the sole compound in this factor.  It is an active 
ingredient in cleaning products (Nazaroff and Weschler, 2004) and is released in indoor air 
from different types of cleaning products, such as all-purpose cleaner, glass and surface 
cleaner, antibacterial glass and surface cleaner, lemon fresh and antibacterial sprays, and 
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floor shine cleaner (Zhu et al., 2001). This PCA result for limonene is similar to the PCA 
study on VOCs in an office building in Thailand, in which a component based solely on 
limonene was observed (Ongwandee et al., 2011). This factor accounted for 5% of the data 
variance. 
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Appendix B: Supplementary Information for Chapter 4 
Nitika Mishra, Godwin A. Ayoko, Tunga Salthammer and Lidia Morawska 
Table 4.S1: Classification of mixture based on MCR and HI in CEFIC- MIAT decision tree 
Group Boundaries on MCR, HI and 
maxHQi 
Description 
Group I max HQi > 1 (HI > MCR) “single substance concern”: mixtures containing at least one 
substance in a concentration that pose a health risk; the risk 
would have been identified also in a substance- by – 
substance assessment 
Group II HI<1 “low concern”: mixtures of low concern with regard to 
individual substances and their combined effects 
Group 
IIIA 
MCR <2, HI > 1 and max HQi 
< 1 
concern for combined effect dominated by one substance”: 
mixtures with low concern for the individual substances, but 
with concern for combined effects where one substance is 
responsible for most of the mixture’s toxicity; further 
cumulative risk assessment is required; a substance –by 
substance assessment would not have been identified this 
mixture as of concern, since max HQi<1. 
Group 
IIIB 
MCR >2, HI >1 and max HQi 
< 1 
“concern for combined effect by several substances”: 
mixtures with low concern for the individual substances, but 
with concern for combined effects where several substances 
are responsible for the mixture’s toxicity; further cumulative 
risk assessment is required; a substance – by substance 
assessment would have not identified this mixture as of 
concern, since max HQi<1. 
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Table 4.S2: Statistics on concentrations of substances (in all mixtures) with reference values 
 
substances concentration(μg/m3) 
minimum median 10-P 90-P maximum sum 
2- methyl hexane 1.77 3.46 1.98 4.83 281 1227 
3-methyl hexane 2 30.33 3.41 45.49 387 2557 
hexane 1.77 3.46 1.98 4.83 22 156 
heptane 1 14.54 1.82 19.17 363 2187 
toluene 1 11.20 2.95 43 692 3221 
limonene 1 22.83 2.01 22.23 213.77 575 
nonanal 1.30 6.88 2.09 20.22 22.72 960 
hexanal 1.26 5.22 2.17 9.40 13.03 52.24 
2-ethy 1-hexanol 1.41 7.30 2 21.20 564 1165 
ethylbenzene 2 2.97 2.07 3.94 4.12 11.87 
m,p- xylene 1 5.99 1.97 25.27 50 206 
dodecamethylcyclo
hexasiloxane 
1 9.23 1.20 20.15 24.69 27.69 
naphthalene 2.50 2.50 2.50 2.50 2.50 2.50 
caprolactum 5.25 5.62 5.32 5.92 6.0 11.25 
dodecamethylcyclo
pentasiloxane 
1.59 5.86 1.93 6.85 40.36 93.78 
C12 2 2.12 2.02 2.21 2.24 4.24 
C13 2.24 2.24 2.24 2.24 2.24 2.24 
C14 4.0 4.0 4.0 4.0 4.0 4.0 
octanoic acid 1.0 1.05 1.0 1.53 1.65 5.14 
acetophenone 1.41 2.07 1.56 2.70 3.0 8.30 
C9 1.41 2.86 1.70 4.02 4.31 5.72 
styrene 1.50 3.44 2.26 3.44 4.93 27.28 
cyclohexane 1 3.98 1.49 6.68 7.48 11.95 
cyclohexanone 4.36 4.36 4.36 4.36 4.36 4.36 
beta-pinene 6.58 6.58 6.58 6.58 6.58 6.58 
hexamethyltrisiloxa
ne 
1 1.65 1.15 2.12 2.21 4.95 
butanoic acid 4.0 4.0 4.0 4.0 4.0 4.0 
benzyl alcohol 10 10 10 10 10 10 
phenol 1 4.30 1.56 6.63 17 74.32 
octanal 1 3.64 1.39 6.24 11.61 24.71 
octane 1.41 2.05 1.55 2.53 2.65 6.14 
o-xylene 1 6.91 1.37 10.10 40.0 69.13 
heptanal 1 3.82 1 8.40 12.00 19.11 
alpha-pinene 1 7.06 1.60 15.78 27 42.39 
methylcyclohexane 6.00 40.00 6.80 73.00 225.01 495 
C10 3.46 3.55 3.79 3.98 4 11.38 
heptanoic acid 2.63 2.63 2.63 2.63 2.63 2.63 
decanal 1.44 3.18 1.90 4.62 67 226 
benzaldehyde 1 4.25 1.58 7.99 85 213 
C11 1.41 1.76 1.48 2 2 7.04 
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Table 4.S3: Statistics on concentrations of substances (in all mixtures) without reference 
values including VVOCs and non-assessable compounds 
substances concentration(μg/m3) 
minimum median 10-P 90-P maximum sum 
isopentane 2.71 16.38 2.73 42.21 207 1549 
pentane 1 9.70 2 17.40 20.82 216 
dichloromethane 1.26 5.29 1.31 12.14 16.49 126 
methylcyclopentane 2.04 4.77 2.40 7.51 8.43 140 
ethanol 3.83 12.07 4.28 23.10 40.73 306.25 
propanol 2.71 76.59 3.01 201.71 279.32 606.35 
butyl acetate 1.61 26.67 1.76 75.70 123.00 333.37 
ethylacetate 2 4.94 2.40 7.90 8.06 58.35 
butylglycol 2 7.36 2.13 13.10 14 288.87 
acetone 2 10.75 3.45 25.65 42 695 
acetic acid 3 17.60 5.63 110.74 242 2012 
dibutyl ether 4 7.08 4.05 11.25 13 212 
butanol 3.37 36.52 3.44 82.60 168.00 292.20 
2- methyl pentane 1.41 10.29 1.63 14.43 264 1103 
benzene 2.67 3.20 2.78 3.62 3.72 63 
longifolene 3 16.99 3.18 32.98 40 280 
3-methyl pentane 2 10.19 2.70 23.69 119 465 
isobutanol 2 2.49 4.44 6.39 6.88 85 
1,2 propanediol 3.11 13.51 3.40 24.44 24.68 124 
methyl palmitate 4.28 10.18 4.64 18.97 24.20 120 
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Figure 4.S1: Scatter plot of Maximum Cumulative Ratio and Hazard Index values for all 
mixtures without limit of detection values (Spearman’s rho correlation coefficient= -0.29 and 
p <0.01) 
 
 
Figure 4.S2: Scatter plot of Maximum Cumulative Ratio and Hazard Index values for all 
mixtures with 7 most common substances (Spearman’s rho correlation coefficient= -0.16 and 
p <0.05 
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Appendix C: Supplementary Information for Chapter 5 
Nitika Mishra, Godwin A. Ayoko and Lidia Morawska 
Definition for Group 2 (A and B): This category includes agents, mixtures and exposure 
circumstances for which, at one extreme, the degree of evidence of carcinogenicity in humans 
is almost sufficient, as well as those for which, at the other extreme, there are no human data 
but for which there is evidence of carcinogenicity in experimental animals. Agents, mixtures 
and exposure circumstances are assigned to either group 2A (probably carcinogenic to 
humans) or group 2B (possibly carcinogenic to humans) on the basis of epidemiological and 
experimental evidence of carcinogenicity and other relevant data.  
Group 2A: "Probably carcinogenic to humans" There is strong evidence that it can cause 
cancer in humans, but at present it is not conclusive.  Examples include diesel engine exhaust, 
Formaldehyde and PCBs. 
Group 2B: "Possibly carcinogenic to humans" There is some evidence that it can cause 
cancer in humans but at present it is far from conclusive. Examples include glass wool, 
styrene and gasoline exhaust. 
Source: 
http://ec.europa.eu/health/scientific_committees/opinions_layman/en/electromagnetic-
fields/glossary/ghi/iarc-classification.htm 
 
 
 
Table S1: Relative TEF potency scheme for indicator priority PAHs 
PAHs (Nisbet 
and 
LaGoy 
1992)ab 
Kalberlahet 
al., 1995a 
Malcom 
and 
Dobson, 
1994a 
USEPA, 
1993 ab 
McClure 
and 
Schoeny, 
1995a 
Muller et 
al., 1997a 
Liao et 
al., 
2006c 
Acenapthene (ACE) 0.001 0.001 0.001    0.001 
Acenapthylene (ACY) 0.001 0.01 0.001    0.001 
Benz(a)anthracene 
(BaA) 
0.1 0.1 0.1 0.1 0.1 0.014 0.1 
Benzo(a)pyrene (BaP) 1 1 1 1 1 1 1 
Benzo(b)fluoranthene 
(BbF) 
0.1 0.1 0.1 0.1 0.1 0.11 0.1 
Benzo(e)pyrene (BeP)   0.01   0 0.01 
Benzo(g,h,i)perylene 
(BghiP) 
0.01 0.01 0.01   0.012 0.01 
Benzo(k)fluoranthene 
(BbF) 
0.1 0.1  0.1 0.1 0.045 0.1 
Chrysene (CHR) 0.1 0.001  0.1 0.1 0.026 0.01 
Dibenz(a,h)anthracene 
(DahA) 
5 1 1 1 1 0.89 1 
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Fluoranthene (FLT) 0.001 0.01 0.001    0.001 
Fluorene (FL) 0.001 0 0.001    0.001 
Indeno(1,2,3-cd)pyrene 
(IcdP) 
0.1 0.1 0.1 0.1 0.1 0.067 0.1 
Naphthalene (NAP) 0.001  0.001    0.001 
Phenanthrene (PHE) 0.001 0 0.001   0.00064 0.001 
Pyrene (PY) 0.001 0.001 0.001   0 0.001 
Adapted from a: (Knafla et al. 2006); b: (Collins et al. 1998, Liao and Chiang 2006); c: (Liao and 
Chiang 2006)   
 
Table S2:  Statistical summary of individual PAHs  
PAHs median min max 90 percentile 
NAP 1.15 0.02 15.12 7.28 
ACY 0.11 0.01 1.86 0.21 
2-BNAP 0.1 0.07 1.88 0.14 
ACE bdl bdl bdl bdl 
FLU bdl bdl bdl bdl 
PHE bdl bdl bdl bdl 
ANT bdl bdl bdl bdl 
FLU 0.02 0.002 1.89 0.44 
PYR bdl bdl bdl bdl 
BaA 0.02 0.00 2.07 0.04 
CHR 0.3 0.05 1.72 0.8 
BbF 0.09 0.04 6.86 0.76 
BaP 0.02 0 2.14 0.14 
IcdP 0.16 0.02 1.39 1.34 
DahA 0.13 0.05 3.30 0.9 
BghiP bdl bdl bdl bdl 
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Table S3: Characteristics PAH molecular diagnostic ratios (Yunker et al. 2002, Brändli et al. 2008) 
 
PAHs ratio Source origin 
 petrogenic pyrogenic 
ANT/ (ANT + PHE) <0.1 >0.1 
BaA/ (BaA+ CHR) <0.2 >0.35 
FLT/ (FLT +PYR) <0.4 >0.4 
IPY/( IPY+ BPE) <0.2 >0.2 
 fuel combustion grass/coal/wood combustion 
FLT/ (FLT + PYR) 0.4-0.5 >0.5 
IPY/ (IPY +BPE) 0.2-0.5 >0.5 
 non traffic traffic 
BaP/BPE <0.6 >0.6 
 
ANT: Anthracene; PHE: Phenanthrene; BaA: Benzo (a) anthracene; CHR: Chrysene; FLT: 
Fluoranthene; PYR : Pyrene; IcdP: Indeno (1,2,3-cd) pyrene; BghiP: Benzo(g,h,i) perylene; BaP: 
Benzo (a) pyrene 
 
 
 
Table S4: PCA analysis of PAHs 
 F1 F2 F3 F4 
Napthalene (NAP) -.020 -.200 -.051 .610 
Acenapthylene(ACE) .051 0.324 -.065 .754 
Fluoranthene (FLT) .786  .367 .092 .052 
Benz(a)anthracene (BaA) .773  .012 .113 .056 
Chrysene (CHY) 013  .821 .046 .119 
Benz(a)pyrene (BaP) .704  -.159 -.256 -.128 
Indeno(1,2,3-cd)pyrene 
(IcdP) 
-.048  -.012 .719 -.147 
Benz(b)fluoranthene 
(BbF) 
.110 .608 -.142 .447 
Dibenz(a,h)anthracene 
(DahA) 
.051  -.011 .785 .064 
% variance 20.91 14.01 13.30 13.20 
Accumulative variance 20.91 34.92 48.22 61.42 
source Vehicular 
emissions 
Natural gas 
combustion 
Petrol 
emissions 
Evaporative/unburn
ed petroleum 
 
 
151 
 
 
Extraction Method: Principal Component Analysis. Rotation Method: Varimax rotation with Kaiser 
Normalisation. Rotation converged in 5 iterations. Only factor loadings >0.5 are presented. Bold 
font was used to highlight the main species in each factor (source). 
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